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ABSTRACT
INORGANIC/ORGANIC HYBRID NANOCOMPOSITE COATING APPLICATIONS:
FORMULATION, CHARACTERIZATION, AND EVALUATION
Tsehaye Eyassu, Ph.D.
Department of Chemistry and Biochemistry
Northern Illinois University, 2014
Chhiu-Tsu Lin, Director
Nanotechnology applications in coatings have shown significant growth in recent
years. Systematic incorporation of nano-sized inorganic materials into polymer coating
enhances optical, electrical, thermal and mechanical properties significantly. The present
dissertation

will

focus

on

formulation,

characterization

and

evaluation

of

inorganic/organic hybrid nanocomposite coatings for heat dissipation, corrosion
inhibition and ultraviolet (UV) and near infrared (NIR) cut applications. In addition, the
dissertation will cover synthesis, characterization and dispersion of functional inorganic
fillers.
In the first project, we investigated factors that can affect the ―Molecular Fan‖ cooling
performance and efficiency. The investigated factors and conditions include types of
nanomaterials, size, loading amount, coating thickness, heat sink substrate, substrate
surface modification, and power input. Using the optimal factors, MF coating was
formulated and applied on commercial HDUs, and cooling efficiencies up to 22% and
23% were achieved using multi-walled carbon nanotube and graphene fillers. The result
suggests that molecular fan action can reduce the size and mass of heat-sink module and
thus offer a low cost of LED light unit.
In the second project, we report the use of thin organic/inorganic hybrid coating as a
protection for corrosion and as a thermal management to dissipate heat from galvanized
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steel. Here, we employed the in-situ phosphatization method for corrosion inhibition and
―Molecular fan‖ technique to dissipate heat from galvanized steel panels and sheets. Salt
fog tests reveal successful completion of 72 hours corrosion protection time frame for
samples coated with as low as ~0.7µm thickness. Heat dissipation measurement shows
9% and 13% temperature cooling for GI and GL panels with the same coating thickness
of ~0.7µm respectively. The effect of different factors, in-situ phosphatization reagent
(ISPR), cross-linkers and nanomaterial on corrosion and heat dissipation was discussed
on this project.
In the third project, optically transparent UV and NIR light cut coating for solar
control application was studied. On separate study for UV cut coatings, we have
formulated UV-shielding coatings using ZnO nanoparticles fillers that have more than
90% UV absorption and above 90% visible transparency. In a separate part of the same
project, we synthesized NIR-absorbing CsxWO3 nanorods with uniform particle size
distribution in 2 hours using a solvothermal method. Aqueous dispersion of the nanorods
has showed high transparency (80-90%) in the visible range with strong NIR light
shielding (80-90%). Preliminary work on sol-gel coatings of CsxWO3 showed high
visible light transparency with excellent NIR shielding.
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CHAPTER 1
INTRODUCTION
1.1 Introduction to nanomaterials
Nanotechnology as a field deals with materials in nanometer (10-9 m) scale and as a
science studies the design, fabrication and application of nanomaterials. Nanomaterials may
exhibit distinct properties compared to the same materials in bulk and micrometer scale. For
example, nanomaterials with 1 to 100 nm size ranges may exhibit: (i) lower temperature
phase transition due to large fraction of surface atoms,[1-3] (ii) reduced electrical
conductivity due to higher surface scattering with dimension decrease and enhanced
electrical conductivity with better ordering and ballistic transport,[3-5] (iii) distinctive optical
properties from bulk materials due to change in band gap and surface plasmon resonance,[68]

(iv) magnetic properties different from bulk materials due to high surface energy,[9-11] (v)

catalytic properties due to large surface area,[12-13] etc. Based on their excellent and unique
properties, nanomaterials have received significant attention and brought new research
opportunities in science and technology. Nanomaterials and nanotechnology offers exciting
potential application in different areas of study including electronics, energy, medicine,
coating, etc. In this dissertation we report our research progress on nanotechnology
applications in organic coatings. Over the years, the coatings industries have evolved
significantly with fundamental understanding of nanomaterials and nanotechnology. The
growth of nanotechnology application in coatings can be summarized mainly into two
factors: (1) increased methods of synthesis and processing of nanomaterials, and (2)
advancement in design and construction of novel tools that can control coating structure at
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the nanoscale.[3, 14] Our research progress will emphasize on application of nanotechnology
in polymer emulsion coatings by systematic incorporation of nanomaterials into a host
matrix. The coating emulsion will be characterized and evaluated for different applications
including heat dissipation, corrosion inhibition and UV-NIR shielding coatings.
1.2 Nanocomposites
Nanomaterials owing to their unique properties are ideal fillers to improve polymer
properties. Numerous reports reveal significant improvement of polymer properties by
small amount of nanomaterial fillers compared to those required to improve with
conventional macro- or microscale materials.[15-17] In general, a nanocomposite can be
defined as a matrix that host nanoparticles or at least one dimension in nanoscale to
improve a particular material property. Due to high surface to volume ratio and/or high
aspect ratio of the reinforcing phase, nanocomposites have different properties than
conventional composite materials. Nanocomposites consist of nanomaterial fillers
distributed across a continuous composite phase to improve mechanical, electrical,
magnetic, thermal stability and other properties of the host matrix. Depending on the host
matrix, nanocomposites can be classified into non-polymer based nanocomposites
(ceramic-matrix nanocomposite and metal-matrix nanocomposite) and organic polymer
based nanocomposites. In ceramic-matrix nanocomposites, the main component of the
composite is occupied by a ceramic, which is a chemical compound from the group of
oxides, borides, nitrides, etc. while the fillers can be metals, carbon nanotubes, etc.
Polymer-matrix nanocomposites are a polymer or copolymer composite with nanoparticle
fillers of different shape but at least one dimension in the nanometer range.

3
1.3 Polymer-matrix nanocomposite
Polymer-matrix composites (PMC) materials allow physical property tailoring by
incorporating different type of fillers.[18-19] Nanoparticles provide increased relative surface
area and quantum effects, which influence the property of a nanocomposite.[20] The overall
property of the composite is determined by the properties of parent component, the
interfacial properties, and composite phase morphology.[21] A number of polymer matrix
properties can be modified by manipulating nanoparticle size, shape, specific surface area,
and chemical nature.[19] Typical examples are: (1) electrical and thermal conductivity,[22] (2)
physical properties such as optic,[23] dielectric[24] and magnetic properties,[25] (3) mechanical
properties[26-27] like stiffness, wear, Young’s modulus, fatigue, and (4) polymer phase
behavior and thermal stability, and others.
One of the most common polymer nancomposites is clay-based polymer nanocomposite,
which are formed from clay and organoclays (see next section). Depending on the type of
layered nanoparticles, the polymer, and reaction conditions, different morphologies of claybased polymer nanocomposite can be obtained.[28-29] The morphologies can be classified as
intercalated, exfoliated (miscible) and unintercalated (immiscible) (Figure 1.1[28]) and have
big effect on the properties of nanocomposite. Exfoliated morphology is when the filler
nanoparticles platelets are completely delaminated in their primary size. The nanoparticle
platelets are as far apart from each other due to the loss of electrostatic force interaction by
the polymer chains. Morphology is termed as intercalated when the polymer chain is
intercalated with nanoparticle interlayers. Unlike exfoliated morphology, the periodicity of
the nanoparticles platelets remain intact in intercalated morphology. When the polymer
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(organic) and nanoparticles (inorganic) do not intermix due to mode of mixing and/or
interfacial interaction, it is possible to have unintercalated composite. This type of
composite morphology requires a large amount of nanoparticle filler to show significant
property change, which otherwise could be achieved by a small amount of filler in the other
two morphologies.

Figure 1.1 Schematic illustrations of clay-based polymer nanocomposite morphologies
along with TEM and X-ray scans.[28]

1.3.1 Polymer nanocomposite synthesis
Currently, polymer nanocomposites have been prepared by many different methods.
Figure 1.2[30] shows schematic demonstration of the most common chemical routes for
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synthesis of inorganic-organic hybrid composites.[30] Path A corresponds to very suitable
soft chemistry based routes like conventional sol-gel chemistry (route A1), use of
silsesquioxanes as bridge precursors (route A2), and hydrothermal synthesis (route A3).
Path B includes assembling (route B1) and dispersion (route B2) methods. Path C
corresponds to self-assembling procedures such as template growth by organic surfactants
(route C1), template growth using bridged silsesquioxanes as precursors (route C2), and a
combination of self-assembly and dispersion of well-defined nanobuilding blocks (route
C3). The last synthesis method shown is integrative synthesis (path D). Some of the most
important methods used in this thesis will be discussed further in detail.

Figure 1.2 Scheme of the most common chemical routes for the synthesis of inorganicorganic hybrids.[30]
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One of the common inorganic-organic hybrid composite synthesis methods is ex-situ
processes, where nanoparticles are synthesized externally and mixed with monomer or resin
(route B1 in Figure 1.2). A schematic sketch of this process is shown in Figure 1.3.[19] In
this method, the main difficulty lies in controlling dispersion and morphology.
Nanoparticles can be incorporated into polymer in many systematic ways to avoid
agglomeration: (1) surface functionalization, (2) encapsulation (3) applying coupling agents
(4) polymer coating (polymerization) and others. These approaches have been used to
formulate luminescent polymer-dielectric nanocrystal composites[31] using metal oxide
nanoparticles like Al2O3, ZnO, SnO2, etc.

Figure 1.3 Schematic sketch of nanoparticles dispersion in organic solution by external
shear forces: by stirring or sonication (left) and using coupling agent (right).[19]

Another approach for polymer-matrix nanocomposite preparation is a chemical in situ
method (Route A1 in Figure 1.2). This method generates either nanocomposite particles or
compact nanocomposite materials using chemical reactions in a liquid environment. A
common example of this method is the sol-gel process, where nanomaterials are dispersed
in solution to form a sol and mixed with monomer or resin to form a gel. Compared to the
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first step, controlling dispersion of nanoparticles and morphology is not a real problem but
reactions are usually difficult and have problems with scaling up to industrial preparation.
Sol-gel processes are typically applicable where the resulting material requires a high
degree of homogeneity and optical transparency. Figure 1.4

[32]

shows a simple two step

sol-gel process, where hydrolysis of metal oxide alkoxides to produce hydroxyl groups is
followed by poly-condensation of the hydroxyl groups and residual alkoxyl group to form a
three dimensional composite. In sol-gel process the morphology and structure of
nanocomposite strongly depend on the nature of catalyst and pH of reaction. For example,
silicon based metal alkoxides generally require either an acid or base catalyst for hydrolysis
and condensation reactions to proceed. However, some very reactive materials like nonsilicate metal alkoxide do not require catalysts.
In the work reported here, the last two methods of polymer nanocomposite preparation
will be utilized with some modification. Most of our coating formulations were prepared by
incorporating commercially available nanoparticles into acrylate emulsion by external force
as discussed above. Further details on preparation of the coatings formulation will be
discussed in the coming sections of the introduction.
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Figure 1.4 General scheme of two steps sol-gel process with silicone alkoxide.[32]
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1.3.2 Polymer nanocomposite applications
Polymer nanocomposites have become promising systems for a wide range of
applications due to unique properties of the nanoscale inorganic fillers. By selective
combination of inorganic properties (electrical, mechanical, thermal etc.) and organic
functionalities (stability and processability), nanocomposite hybrid coatings have showed
improved properties such as barrier, flame retardancy, rheology control, conductivity, light
absorption, corrosion, etc. Today, many nanocomposite materials are entering the
commercial markets. Some of the polymer nanocomposites currently in commercial
application are listed in Table 1.1 .[28] Commercial application of polymer nanocomposite
will expand further in the future with more understanding of the nanocomposite materials,
synthesis methods, design, and new tools and equipment in research and development.
Commercial applications such as coating, packaging, automobile tires, cosmetics, paper
making, electrical/electronic equipment, agriculture, pharmaceuticals are some of many that
took advantage of the improved properties of nanocomposites. Here, the main focus of the
thesis discussion will be nanocomposite application in improvement of coating properties
through selective use of nanoscale materials.
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Table 1-1 Polymer nanocomposite for commercial coating applications.[28]

1.4 Nanocomposite coating
1.4.1 Introduction
From the first major developments in polymer nanocomposite by Unichika company’s
work on nylon montmorillonite composite and Toyota Motor Company’s work on
nylon/nanoclay composites,[14] extensive research have been carried out in development of
nanocomposite coatings. Earlier, nanocomposites used nanoscale materials such as silicas,
clays and carbon blacks to enhance the electrical, mechanical, and thermal properties of
coatings (polymers). In recent years, advances in nanomaterials allow coating companies to
introduce nanotechnology to improve numerous properties of organic coatings. Currently
nanocomposites have received a lot of attention in coating applications such as UV
shielding coatings, conductive coatings, corrosion resistant coatings, super hardness
coatings, abrasion and scratch resistant coating, photocatalytic coatings, self-cleaning
coatings, and antibacterial coatings to name a few.
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The incorporation of inorganic fillers into organic resin to improve different properties is
well known approach in coating industries. Nanocomposite coatings formulated from
inorganic materials and organic polymers have high interfacial contact. Furthermore, if the
inorganic materials have nanoscale size instead of micron size, the interfacial
contact/interaction increases significantly. Systematic incorporation of nanoparticles instead
of larger particles allows coating formulators to improve interfacial material tremendously.
The properties of interfacial material at the interface between the inorganic and organic
materials are different from the bulk properties of the same material. Dramatic differences
in properties depend on the difference in intermolecular forces (van der Waals and
hydrogen bonding attractions, electrostatic attraction and repulsion, and steric repulsion)
between the two materials/phases. For instance, in optical coating applications where
transparency is critical, the refractive index of the resin should be matched with inorganic
filler. Inorganic fillers usually have higher refractive index compared to organic resins and
cause light scattering that leads to reduction of coating transparency. This can be avoided
by using nanoparticles with smaller size than the wavelength range of visible light (400800nm), as they possess minimum light scattering. Further discussion on optical coating
applications will be covered in chapter 6.
A number of nanomaterials with different particle size and morphology could be used to
improve coating performances. Some of the most frequently investigated and used
nanoparticles in coating application are: (i) silica (SiO2),[33-34] alumina (Al2O3),[35-36] and
zirconia (ZrO2),[36] which are mainly studied to improve coating performances like abrasion
and scratch resistance, hardness and UV shielding, (ii) zinc oxide (ZnO),[37-38] and tiatania

12
(TiO2),[39] mainly used to improve coating performances in UV shielding and fungus
resistance, (iii) calcium carbonate (CaCO3),[40] used to improve mechanical properties and
whitening. A summary of the lists of nanoparticles/nanoclays that suit with specific
property improvement for coating are shown in Table 1.2.[14]

Table 1-2 Inorganic nanomaterial candidates for coating property improvements.[14]

1.4.2 Challenges in nanocomposite coatings
In nanocomposite coating, one of the main challenges is in relation to effective
dispersion of nanoparticle powders in the host matrix (organic resin). Ineffective dispersion
of nanomateriasl may lead to some drawback in the coating property or morphology. Some
of the drawbacks may include one or more of the following properties; loss of transparency,
increase in coating viscosity, loss of impact resistance, reduced coating flexibility and
defect in appearance, etc. For example, dispersion of carbon nanotube (CNT) in organic
coating is difficult due to high surface area of CNTs. High surface area is responsible for
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the strong affinity of the CNTs to form aggregates. Aggregates of CNTs can act as a stress
concentration points and reduce the mechanical properties of the polymer coating.[41] So, to
keep each particle separate and prevent aggregation, the inter-particle attractive forces
between individual particles should be reduced. Some of the most common approaches
used to reduce attractive forces and achieve nano-scale dispersion in coating are: (1) surface
modification, (2) grinding (stirring), and (3) ultrasonication. Surface modification can be
done physically through adsorption of surfactant on surface of nanoparticles, or chemically
through surface reaction with coupling agent, macromolecule, or alcohol.[42] Stirring is
another common approach to disperse nanoparticles in liquid systems. The propeller size
and shape along with the mixing speed controls the dispersion result. Sonication process
using ultrasonic devices is another method often used to disperse low viscosity materials in
small volumes by generating high impact energy. There are two types of sonication
approach; mild sonication using an ultrasonic bath and high power sonication (> 20 kHz)
using an ultrasonic probe. All the three dispersion approaches have been practiced in our
studies to provide uniform dispersion of nanoparticles in organic resin. Detail information
on steps and approach will be given in each chapter in the experiment section.
Other major challenges facing growth of nanocomposite coatings are characterization,
material cost and health and safety concerns.[14] Characterization of nanparticle dispersion
and structure requires techniques such as Scanning Probe Microscopy (SPM), Atomic Force
Microscopy (AFM) and Scanning Electron microscopy (SEM). Also, techniques like
Transmission Electron Microscope (TEM), X-ray and neutron scattering are required to
analyze film cross-section. Instrumentation and procedure required on this work will be
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discussed in detail in Chapter 2. Currently material costs are less of a concern due to the
increasing number of nanoparticle suppliers, but health and safety issues might need
consideration in understanding short and long term effects of nanomaterials.
1.4.3 Preparation of nanocomposite coating
Nanocomposite coating preparation is not so much different from polymer
nanocomposite synthesis. As discussed above, nanoparticles can either be incorporated into
monomers through an in-situ polymerization approach to synthesize nanocomposite resin,
or directly dispersed into resins by a mixing process. Baghdachi et al. shows a schematic
chart (Figure 1.5

[42]

) of possible routes for preparation of solvent and water-based

nanocomposite coatings from nanopowders. Depending on the nanoparticle, the host
matrix, and the required coating property, different formulation steps can be taken to
prepare nanocomposite coatings. The general route includes the dispersion of nanopowders
into solvent in the presence of a surfactant by grinding and/or ultrasonication method.
Requirement of nanoparticle surface modification depend upon the nanoparticle surface
property and the character of host matrix (aqueous, solvent, hydrophilic and hydrophobic
polymers, etc.). In the second major step, dispersed nanoparticles are incorporated to
monomer or resin using grinding, stirring and/or other mechanical systems. At the end,
solvents and some additives can be added based on required coating property and
application.
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Figure 1.5 Schematic chart for nanocomposite coating preparation.[42]

The sol-gel chemistry approach is also used to prepare nanocomposite coatings. The
process is briefly mentioned in section 1.3.1. Inorganic nanoparticle dispersion in organic
resins can be achieved by the sol-gel method in the presence of a coupling agent.
Regardless of the final product requirement, the fundamental and general approach in solgel preparation of nanoparticle dispersion is the same. Sol-gel processing offer numerous
advantages such as low processing temperature and molecular level homogeneity,

[3]

and it

is particularly useful in preparing complex metal oxides, temperature sensitive inorganic–
organic hybrid materials and metastable materials.
1.4.4 Application of nanocomposite coating
Coatings, regardless of thickness (micrometers to nanometers), cover a wide range of
applications including buildings (interior and exterior), transportation (automobiles,
airplane, ships, etc.), infrastructure (roads, bridges, plants, pipelines, etc.), utilities
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(electricity, telecommunication, water and gas supplies, etc.), and many more. The main
purposes of applying coatings are functional and/or decorative. Functional coating may play
one or both of the following roles: (1) substrate protection from external damage (corrosion
protection, wear resistance, etc.), and (2) special product functionality (electrical and
thermal conductivity, thermal stability, optical properties, magnetic properties, etc.).
The dissertation is concerned with nanocomposite coating application for heat
dissipation, corrosion inhibition and optically transparent ultraviolet and infrared lightshielding coatings. Most of the work is focused on environmentally friendly ―green‖
alternative coatings to decrease the amount of toxic chemicals and pollution. One of the
practical alternatives is to reduce or remove the solvent based coating; hence our
formulations are mainly based on water compatible epoxy polymers.
1.5 Heat dissipation coating (radiative cooling)
In the first project, we studied heat dissipation coating by designing and formulating an
epoxy emulsion coating with carbon based nano-fillers. The project motivation lies in
designing and developing systems to dissipate heat from miniaturized and dense parts of
electronic devices. There is great concern in electronic industry with regard to energy
management due to an increase in a heat density. Conventional cooling techniques such as
heat sink and phase transfer require additional components like fans and/or power supplies
while other cooling systems like ionic winds[43] are expensive and bulky. To solve this
challenge, our group previously designed a radiative cooling technique called ―Molecular
Fan‖.[44-46] Molecular Fan is an inorganic-organic hybrid nanocomposite coating, containing
thermally conductive materials and high surface emissivity. It is a radiative cooling process
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that requires high lattice quantization to release heat (energy) by vibrational motion of
molecules. Nanomaterials are attractive candidates to successfully implement into organic
emulsions and formulate into molecular fan coatings due to their interesting and
extraordinary thermal, mechanical and physical properties.
Carbon is known as one of the most environmental friendly elements that are found
abundantly. Due to their extraordinary properties, chemical versatility and unique
morphology, carbon based nanomaterials are emerging as exciting materials for scientific
innovation and commercial application. For molecular fan cooling, carbon-based
nanomaterials such as multiwall carbon nanotube (MWCNT), carbon black (CB),
nanodiamond powder (NDP) and graphene have been selected and studied as potential
emitters. Their unique hybridization properties and their structural stability to perturbations
in synthesis conditions made them attractive materials for tailored manipulation into
organic resin (polymers) in comparison to other inorganic nanostructures. Moreover, their
conformation and hybridization state allow them to exhibit unique and interesting physical,
electronic, mechanical, and chemical properties. Carbon hybridizes to sp, sp2, or sp3
configuration depending on the bonding relationship with the neighboring atoms.[47] These
mutable hybridization states lead to considerable differences among carbon’s bulk
configurations (Figure 1.6[47]). Carbon adopts a planar sp2 (graphite and graphene)
configuration at a lower heat of formation, a tetrahedral sp3 (diamond) configuration at
higher temperature and pressure, and hybrids of sp2 and sp3 in between (carbon black and
MWCNT). They also form different structures such as zero dimensional (0D) buckyballs
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(fullerene), one dimensional (1D) nanotubes, two dimensional (2D) graphene, and three
dimensional (3D) graphite and diamond.

Figure 1.6 Hybridization states of carbon based nanomaterials.[47]

It was previously studied and reported that carbon based materials exhibit excellent
thermal properties. Carbon black (CB) has been used as a filler in thermal paste[48] and
conducting polymers[49] to enhance thermal conductivity. Nanodiamond powder (NDP) also
has been used to improve thermal conductivity of epoxy-resin composite materials.[50]
Thermal properties of carbon nanotube (CNT) and carbon nanotube based materials have
been extensively studied in recent years.[51-54] They have been used in thermally conductive
polymer composites[55] for several applications such as power electronics, heat exchangers,
and electric motors and generators,[56] etc. Moreover, their prominent thermal and
mechanical properties make them promising material for thermal management
applications.[57-58] Beside CB, NDP and CNT, graphene is another carbon allotrope that
showed great promises for thermal management of microelectronics[59] and highly efficient
thermal interfaces in epoxy composites.[60] The first three chapters (chapters 3-5) of the
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dissertation will discuss how carbon based materials are incorporated into polymers/resin
for improved radiative cooling applications. The coating will be applied in different metal
substrates and evaluated by an instrument designed to evaluate heat dissipation coating
performance (see chapter 2). In Chapter 3, we will focus on theoretical background behind
molecular fan cooling, experimental result of coatings with different carbon based
nanomaterials and current and future applications. Chapter 4 will discuss factors for
optimization of cooling performance based on multi-walled carbon nanotube (MWCNT)
fillers. Detailed discussion will be focused on factors such as MWCNT size, loading
amount, coating thickness and effect of substrate and their surface modification.
1.6 Heat dissipation and corrosion inhibition
In the second project, we designed and formulated heat dissipation coating that
incorporates carbon nanotube fillers and in-situ phosphatizing reagent (ISPR) to enhance
corrosion inhibition. In-situ phosphatizing reagents (ISPRs) have been studied and reported
as alternate pretreatments to hexavalent chromium for metals to ease toxicity.[61-63] Heat
dissipation and corrosion inhibition performances have been carried out on different metal
steel alloys such as hot dip galvanized steel (HDG), electro galvanized steel (EZG), cold
roll steel (CRS), etc. This project will be discussed in detail in Chapter 5, from synthesis of
the ISPR, to coating performance of different steel alloys in corrosion inhibition and heat
dissipation. Another section of this project deals with transparent and nontransparent
coatings with a thickness range from 3µm to 25µm for heat dissipation and enhanced
corrosion protection of galvanized steel.
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1.7 UV and NIR cut coatings
In our third project, optically transparent ultraviolet and near infrared light cut coating for
solar control application for windows of buildings, automobiles, and materials was studied.
The motivation of this project is to develop a coating formulation that selectively filters UV
and NIR infrared light while transmitting visible light from solar radiation and artificial
light sources. Nowadays, there is an increase in demand of materials that selectively block
UV and NIR light from solar radiation as well as other sources because (1) UV radiation is
the main cause for material (paints and coatings) degradation and skin damage, (2) NIR
radiation causes excessive heat during summer, and (3) NIR (heat) shielding materials can
reduce energy consumption for air conditioning and thereby decrease carbon dioxide
emission during winter.
The sun is the main source of UV and NIR radiation: from the incident solar radiation
(1000 Wm-2) that reaches the earth surface, about half of the radiation (40%) is in the
visible wavelength (400-700 nm) region, the other half (55%) is mostly in the near-infrared
region and some in the ultraviolet (700-2500 nm) spectrum (see Figure 1.7[64]). Hence, our
project has focused on formulating UV and NIR cut coatings by incorporating UV and NIR
absorbing agents in polymer composite through dispersion and sol-gel methods.
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Figure 1.7 Solar radiation spectrum reaching the earth surface.[64]

Many efforts have been devoted to reduce the damage caused by UV light exposure
either from natural or artificial sources by using UV-absorbing coatings.[64-65] The UV
radiation spectrum extends from visible light (400 nm) to higher energy x-rays and are
conventionally classified in to three bands, UV-A (320-400 nm), UV-B (280-320 nm) and
UV-C (100-280 nm). Out of the three bands only UV-A and UV-B reaches the earth surface
while UV-C radiation is absorbed by ozone and other gases in the atmosphere. It is reported
that, there are different methods developed to control UV radiation by using inorganic and
organic UV-absorbing materials. However, organic UV-absorbing materials usually absorb
narrow and specific wavelengths and are more susceptible to degradation upon longer
exposure to higher energy irradiation (heat). In comparison, inorganic UV absorbers have
broad absorption band and are stable (provide long term protection), mostly
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environmentally friendly, and are heat resistant. However, inorganic UV absorbers have
relatively high refractive index, therefore, particle size and dispersion should be taken into
consideration to maintain high coating transparency. Particle size has a big effect on the
intensity of light scattering and hence on the transparency of a coating. The relationship
between particle size and intensity of scattered light is giving by the Rayleigh scattering
equation (Equation 1.1).
𝐼 = 𝐼𝑜

2
(1+𝑐𝑜𝑠 2 𝜃) 2𝜋 4 𝜂 2 −1
𝑑 6
2𝑅 2

𝜆

𝜂 2 +2

2

Equation 1.1

where, I corresponds to intensity of light scattered by a single particle from a beam of
unpolarized light with wavelength (λ) and intensity(𝐼𝑜 ). R is the distance to the particle, θ is
the scattering angle, η is the refractive index of the particle, and d is diameter of the
particle. So, to effectively maintain high transparency, stabilization of the nanoparticles
from agglomeration is one major requirement in UV-NIR cut coating formulations.
A number of metal oxides nanoparticles (< 100nm) are known to effectively absorb UV
radiation with remarkable optical transparency when incorporated in polymer matrix (e.g.,
coatings). Most widely used inorganic UV absorbers such as Zinc oxide (ZnO), Titanium
dioxide (TiO2) and cerium dioxide (CeO2) are wide band gap oxide semiconductors,[66]
which absorb in the UV region but are transparent in the visible (Table 1.3). They are
photo-stable and non-hazardous to human bodies but they have high refractive index which
give them low transparency with large particle size (mostly > 100nm).[67]
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Table 1-3 UV-absorbing inorganic nanomaterials.

In the work reported here, we successfully formulated a UV-absorbing coating using a
simple dispersion method of commercially available ZnO nanoparticle into acrylic polymer.
We studied the effect of nanoparticles loading, coating thickness and characterized coatings
with UV-Visible spectroscopy (see chapter 6).
The second part of the third project focuses on near infrared light (NIR, 700 to 2500nm)
shielding using inorganic nanoparticles incorporation into polymer coatings. Previously,
paints were designed to increase reflection of solar radiation while retaining the visible light
properties in military defense applications.[68] Moreover, there are products currently in
markets that apply multilayer coatings deposited on glass to reflect the NIR radiation, but
they typically introduce color variation in transmission[69] and usually are expensive to
synthesize.
Antimony doped tin oxide (ATO)[70-71] and indium doped tin oxide (ITO)[72-73] are the
most investigated nanoparticles for optically transparent NIR-shielding coating but their
absorption wavelength lies beyond 1000 nm. However, since the heat producing region of
infrared radiation mainly lies in the wavelength band between 700nm and 1100nm,
therefore they are not ideal for solar NIR absorption as many articles suggest. Currently,
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lanthanum boride (LaB6)[74] nanoparticles have been reported as a possible option but low
transparency and dispersion properties of LaB6 are challenging factors for optically
transparent coatings. In this work, we investigated NIR cut property by incorporating
commercially available nanaoparticles (ITO and LaB6) along with NIR-absorbing organic
dyes but the results were not successful for reasons that will be explained later.
Recently, Adachi et al.[75-76] and Sato et al.[77-79] reported a number of works on capability
of nanosized tungsten bronze as NIR-shielding materials and showed superior absorption of
NIR (800-2500) in comparison to current benchmark materials including ITO, ATO and
LaB6. They have shown that hexagonal tungsten bronze (MxWO3) nanoparticles with
ternary additives (M), such as Na, Ti, Rb, and Cs have remarkable absorption of near
infrared light while retaining a high transmittance in the visible region (Figure 1.8[75]).
Specifically, hexagonal tungsten bronze (HTB) with Cs doping showed strongest NIR
absorption with highest visible transmittance. In our study, we focused on synthesis and
incorporation of Cs0.33WO3 in coatings for NIR cut applications. Here we will discuss a
simple solvothermal method to synthesize hexagonal CsxWO3 nanoparticles in a short
reaction time (Chapter 7). This project further investigated a possible incorporation method
of CsxWO3 into coating formulation by (1) dispersion method, (2) sol-gel process (future
work).
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Figure 1.8 Transmittance spectra of tungsten oxide nanoparticles with ternary additives
(M = Ti, Rb, Cs, and Na).[75]
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CHAPTER 2
EXPERIMENTAL AND FACILITIES
2.1 Introduction
In this chapter, we will discuss the equipment and procedures used to characterize and
analyze experiments during the course of the research. There are a number of procedures
and equipment mentioned throughout the dissertation, but the chapter will focus on the
main methods and instruments applied in each project. In the first project of heat dissipation
coating, the main equipment used was an instrument set up made in our research laboratory.
In corrosion inhibition study, we used a salt spray chamber under standard procedures of
American Society for Testing and Materials (ASTM). The main equipment used for the
UV-NIR cut coating project was UV-Vis-NIR spectroscopy. Furthermore, various widely
used nanomaterial characterization methods such as scanning electron microscope (SEM),
transmission electron microscope (TEM), x-ray diffraction (XRD), and dynamic light
scattering (DLS) have been used throughout the research to determine size, morphology,
composition, and size distribution. The chapter will discuss the fundamentals and basic
principles as well as procedures of the main equipment; SEM, TEM and XRD.
2.2 Instrument for evaluating heat dissipative coating
The instrument was designed and developed by our group to evaluate heat dissipative
coating performances. It has a simple feature to measure radiative cooling obtained by
coated panels and apparent emissivity of the surface under different power input settings.
Here we briefly discuss the instrument assembly setup and experiment procedures but a
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detailed information on the instrument can be found in a paper published by Suryawanshi et
al.[1] The instrument hardware setup as shown in Figure 2.1 (a and b) consists a thermal
assembly tower, copper disk heater, heater cartridge, resistance temperature detector (RTD)
sensor, thermocouple sensor (J-type), an IR thermometer (omega OS530LECF), and a
control unit for power supply. A sample specimen is mounted on the upper surface of a
copper block with the help of thermal grease to achieve a good thermal contact. The copper
block is heated at different power settings using a cartridge heater and the temperature of
the block is monitored using the RTD sensor. An additional thermocouple sensor is used to
measure the temperature of the surface of the sample. Furthermore, an IR thermometer is
installed a few centimeters (~ 20cm) above the specimen to monitor surface temperature as
a function of sample surface emissivity. All the measurements are monitored and recorded
by a computer with a program developed in our laboratory. As shown in Figure 2.1c, a
temperature versus time profile of the copper block can be easily monitored under specific
power input conditions to give a temperature difference between coated and uncoated
aluminum panels. Temperature readings were carried out for 5000 seconds, which is long
enough for the linear temperature to reach equilibrate (stabilize). At the end of 5000
seconds, the last temperature of coated sample is recorded and compared to a control to
give a temperature difference that is regarded as cooling due to property changes of the
coating. In our study, the cooling evaluation was studied by applying carbon-base
molecular fan coatings on aluminum panels.
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Figure 2.1 An instrument for heat dissipative coating evaluation: (a) schematic diagram of
thermal assembly setup (b) thermal assembly tower (c) time-temperature curve of coated
and uncoated Al panel and (d) emissivity calibration curve.[1]

Emissivity of a sample was estimated by measuring surface temperature and radiation
temperature of the sample. The calibration curve for emissivity estimation was prepared by
plotting surface temperature reading by the IR thermometer at different emissivity setting of
the IR thermometer. Using the calibration curve, we can approximate the emissivity of the
sample by measuring the true surface temperature of the coated sample using an external
thermocouple sensor. Then, the true surface temperature will be matched to the
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corresponding IR thermometer reading of the curve and interpolated to the emissivity
reading. The procedure is utilized to measure emissivity of any surface including metal
substrate and coated surface, at different power inputs.
In addition to estimating emissivity, the instrument also used to estimate the amount of
heat released from the surface of the sample due to radiation and convection. When the
sample is heated, heat is released from the top surface by a combination of radiation and
convection. This thermal energy is calculated by adding Stefan-Boltzman equation and
Fourier’s law equation (equation 2.1).
Pin = εCuσACu(Ts4 – Ta4 ) + hACu(Ts – Ta)

Equation 2.1

The equation provides a relation for power input (Pin) of the copper block at steady state,
where εCu is surface emissivity of copper (0.42), σ is Stefan Boltzmann constant (5.67 X 108

W/m2K-4), ACu is the surface area of copper (0.005 m2), h is the heat transfer coefficient

(W/m2K), and Ts and Ta are the temperatures of the copper disk and the ambient
temperature (25oC), respectively. When a coated panel larger than the copper block heater
is heated, there is additional heat released from all surfaces exposed to air. This additional
heat released was put into consideration and added into the heat transfer equation above.
For example, when aluminum Q-panel is used the new energy balance equation can be
written as
Pin = εCuσAAl(Ts4 – Ta4 ) + hAAl(Ts – Ta) + εAlσAexp(Ts4 – Ta4 )

Equation 2.2

where, εAl is emissivity of aluminum, AAl is surface area of aluminum, and Aexp is the
additional surface area from the Q-panel (AAl – Acu). So to calculate heat released due to
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radiation, the first and third term of equation 2.2 can be used. For different power input,
percentage of heat dissipated through radiation can be giving by (Prad/Pin) X 100.
2.3 Salt spray chamber [2]
Salt spray or salt fog chamber is a standard testing method for evaluation of corrosion
resistance of coated and uncoated metallic specimens in the face of extended exposure to a
salty environment at elevated temperature. It is widely used in industries and research
laboratories because it is simple and inexpensive compared to other corrosion testing
methodologies. There are a number of corrosion testing procedures and standards but in the
work reported here, the experiments are conducted in accordance with American Standard
Testing Methods B117 (ASTM B117).
The traditional salt spray test ASTM B117 consists of a chamber, a salt solution
reservoir, an atomizing nozzle, a supply of compressed air, a specimen support, a provision
for heating the chamber, the supply and drainage lines, and a control box. The size, design
and construction details of the apparatus are optional as far as the conditions meet the
requirement of ASTM B117. In the study, we used a 411 ACD1 corrosion testing chamber
from Industrial Filter and Pump Mfg. Co., which was designed and built to meet ASTM
B117 standards (Figure 2.2). It is manufactured from materials that guarantees a long
service time and have good thermal insulation.
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Figure 2.2 Salt spray test chamber: (a) outside and (b) inside the chambers.

The salt spray chamber has internal and external salt water reservoirs that hold ten and
five gallons respectively. The salt water inside the internal reservoir is heated to 95oF and is
monitored by a control panel mounted in the front of the chamber. For experiments that
require longer exposure time, the salt solution level inside the chamber is monitored by
maintaining the external salt solution reservoir. The reservoirs hold a 5% salt solution
prepared by dissolving sodium chloride (NaCl) into water and the pH is maintained
between 6.5 and 7.2. Another main component of the reservoir is the saturation tower,
which is ¾ filled with deionized water and maintained by using a float switch. It allows a
compressed (10-20 psi), heated and filtered air in saturation tower to pass through deionized
water. This compressed warm air is then used to feed salt water from internal chamber
reservoir into an atomizing nozzle to create fog that fills the chamber.
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The sample is suspended or supported 15 to 30 degree from vertical and faced the same
direction as the principal direction of horizontal flow of salt fog. Samples should be placed
in such a way that salt solution from one sample should not drip into the other sample. In
addition, overcrowding of samples should be avoided. In our study, test durations typically
followed a 24-hour increment and it ranged from 24 to 5000 hours based on the sample
testing specifications.
2.4 UV-Vis-NIR spectroscopy[3-4]
UV-Vis-NIR spectroscopy is an analytical technique used to study the optical properties
of a sample in different states. It involves various parameters like absorbance (A),
transmittance (T) and reflectance (R) to quantify the light that passes through a sample in
the ultraviolet to near infrared spectral region. Many molecules absorb ultraviolet (UV),
visible (Vis) or near infrared (NIR) radiation which corresponds to the excitation of outer
electrons in the molecule. When a beam of light with specific intensity comes into contact
with a sample placed between a light source and a photodetector, it reduces its intensity due
to reflection, scattering or absorption. The percentage of a beam absorbed, scattered and/or
reflected is compared with a reference sample to compensate for the losses due to scattering
and reflection, thereby the intensity attenuation due to absorption alone can be calculated.
Transmittance of a sample (T) is given by the fraction of the intensity of the beam (I)
that passes through the sample over the incident intensity beam (I0). The absorption of light
by sample can be related to the properties of the sample by the Beer-Lambert law. It states
that there is a logarithmic dependence between transmission (T) and the product of the
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absorption coefficient of the substance (α), and the distance the light travels through the
material ( path length, ℓ). The equation is given by:
𝐼

T = 𝐼 = 𝑒 −𝛼ℓ = 𝑒 −𝜀ℓ𝑐
0

Equation 2.3

The absorption coefficient is given by the product of molar absorptivity (ε) and the molar
concentration (c) of the absorbing species. It is also common to report in terms of
absorbance (A) of the sample, which is related to the transmittance by A = -log10(T). The
reflectance (R) can be calculated by using T and A, and following the equation:
R = 1 – (T x eA)1/2

Equation 2.4

UV-Vis-NIR spectroscopy is a valuable technique for indentifying, characterizing and
analyzing materials that have optical properties that are sensitive to size, shape, and
concentration. In optically transparent UV and NIR cut coating, UV-Vis-NIR spectroscopy
is important tool to analyze the performance of the different nanomaterials in a solution and
coating forms. Our standard UV-Vis-NIR analysis for UV-NIR cut optical coatings is
performed with a Cary 5000 double beam spectrophotometer that performs optical
measurements from 175 nm (UV) to 3300nm (NIR). A general schematic sketch of double
beam UV-Vis-NIR spectroscopy is given in Figure 2.3. The instrument consists of two light
sources (deuterium lamp (185-350nm) and halogen lamp (350-3300nm)), and two detectors
(R928PMT (185-800nm) and Cooled PbS (800-3300nm)). It features 8 absorbance unit
photometric ranges with rear beam attenuator and spectral bandwidth of 0.01 to 5nm and
0.04 to 20 nm for UV-Vis and NIR, respectively. The instrument has a large sample
compartment with a removable floor plate that gives maximum flexibility during sample
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mounting. For the reader’s convenience and understanding all the work in UV and NIR cut
are reported in percentage transmittance (%T) versus wavelength (nm).

Figure 2.3 Sketch of UV-Vis-NIR spectroscopy with double beam sources.

2.5 Scanning electron microscope (SEM) [5-7]
The scanning electron microscope is one of the most powerful tools available for the
examination and analysis of specimen morphology in nanometer to micrometer scales.
SEM uses a focused electron beam to extract chemical and structural information with high
spatial resolution.
A typical SEM consists of an electron gun, a number of lenses, a series of apertures, a
scanning system and a specimen holder. The electron gun is the source of the electron beam
and is located at the top of the column. The electrons are accelerated downward toward the
anode at the bottom of the chamber. A number of lenses are used as condenser and

41
objective to control the diameter of the beam and focus the beam towards the specimen.
They have a major effect in controlling the electron beam intensity that reaches the
specimen. A series of apertures in micron-scale are used to control the properties of the
beam. They reduce and remove extraneous electrons in the lenses, while the last aperture
determines the spot size of the electron beam at the specimen. A scanning system is used to
form images by rastering the beam across the specimen. SEM has a specimen holder with
three dimensional height position and orientation that includes tilt and rotation.
Beside the above mentioned main component of the electron column, SEM has a vacuum
system that provides a controlled electron beam. The main reasons for high vacuum
pressure requirements are to avoid possible oxidation and burnout of the tungsten filament,
to provide clean and dust free environment for column optics to function properly and to
avoid any possible interference (particles and dust) with electrons before they reach the
specimen. In some SEMs, two or more pumps are used to provide enough vacuum inside
the column. In our study, we used a high vacuum tungsten filament scanning electron
microscope (SEM) from Tescan, model vega 3 SBH. It is fully controlled by computer and
equipped with a liquid nitrogen-free INCAX-act analytical standard Electron Dispersive Xray (EDX) detector for elemental analysis. A tungsten heated cathode is used as an electron
gun with acceleration voltage of 200 V to 30 kV. It has a scanning speed in the range of 20
ns to 10 ms per pixel that can be adjusted between two continuous and step scan modes.
The vacuum in the chamber and column can go lower than 9 x 10-3 pa with pumping time
less than 3 minutes in between specimen exchange.
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Figure 2.4 Scanning electron microscope (SEM) equipped with EDX.

Image formation in the SEM is dependent on the signal acquired from electron beam
interaction with the sample the specimen. As the electron strikes and penetrates the
specimen, two major interaction categories occur; elastic and inelastic interaction. Elastic
interactions occur when electrons are deflected by the specimen atomic nucleus or outer
shell electron of similar energy. Electrons scattered from elastic interactions through an
angle of more than 900 are useful signals for imaging. Inelastic scattering results from
variety of interaction between the incident electron beam and atoms and electrons of the
sample which leads to generation of secondary electrons (SE). Secondary electrons are
mainly useful for the visualization of topographic images like surface texture and roughness.
SEM also provides the detailed information of chemical composition and distribution by
detecting signals from x-ray photons emitted from excited atoms.
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2.6 Transmission electron microscope (TEM) [6, 8-9]
Transmission electron microscope is a microscopy technique in which a beam of
electrons are used to characterize the microstructure of materials with very high spatial
resolution. The interaction of electrons with a sample as they are transmitted through an
ultra-thin specimen gives information about the crystal structure and defects, morphology,
crystal phases and composition. The biggest advantage of TEM is that it provide high
magnification ranging from 50 to 106 and its ability to offer both image and diffraction
information from a single specimen.
The principal operation (Figure 2.5) of TEM comprises of using high energy electron
beam that are accelerated to 100 KeV or higher and transmitted through a very thin
specimen by means of the condenser lens system. The electron beam penetrates through the
specimen either undeflected or deflected and is focused with electromagnetic lenses to give
image and analyze the microstructure of materials with atomic scale resolution on a
fluorescent screen or recorded on film or digital camera. The scattering process of electrons
during their passage through the sample provides information on diffraction patterns
(elastic scattering) and sample images (inelastic scattering). By changing the strength of the
intermediate lens, TEM can provide both sample imaging and diffraction patterns.
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Figure 2.5 Operation diagram of electron transmission microscope (TEM).

Unlike optical microscopes, where resolution is limited by the wavelength of light, TEM
resolution is limited by aberrations inherent in electromagnetic lenses. High resolution of
TEM is a result of the small effective electron wavelengths (λ) which are related to the
potential difference (𝑉) through which electrons are accelerated. The relation is given by de
Broglie equation:
λ=

ℎ
2𝑚𝑞𝑉

Equation 2.5

where q and m are the electron charge and mass and h is Planck’s constant. The higher the
operating voltage of a TEM instrument, the higher will be effective transmission of the
electron through the specimen and hence the greater will be its lateral spatial resolution. In
most of our TEM analyses, we used the Hitachi H-600 TEM (transmission electron
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microscope) with 100 KeV accelerating voltage while a high resolution TEM analysis was
done by FEI CM30T instrument with accelerating voltage in the range of 100-300 KeV.
TEM is similar to SEM, and composed of several components such as the vacuum
system to increase the mean free path of the electrons, specimen stage designed to hold
specimen into the vacuum with low increase in pressure in the other areas of microscope,
electron gun to create a beam of electrons, electron lens to focus parallel beam at some
constant focal length, and apertures to exclude electrons that are further than a fixed
distance. Another important thing to consider in TEM analysis is sample preparation. In
TEM, the maximum thickness required is in hundreds of nanometers thick due to the
importance of absorption of the electrons in the materials. High resolution image samples
will have a thickness that more or less matches the mean free path of the electron that
transmits through the samples. In our analysis, samples were first dispersed in ethanol
solution and diluted enough to become a transparent solution. Then were drop wise (3
drops) deposited onto a TEM grid.
2.7 X-ray diffraction (XRD) [6, 10-12]
X-ray diffraction is a phenomenon in which atomic planes of crystal cause incident
beam of x-rays to interfere with one another as they leave the crystal and provide valuable
information in identification and characterization of crystalline solids. It is an important
technique to find the crystal structure of unknown materials, measure the size, shape and
amount of internal stress in small crystalline regions, determine the preferred orientation of
polycrystal, and measure the average spacing between layers and rows of atoms in a lattice
structure.
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X-ray diffractometer consists of three main components: an X-ray tube, a specimen
holder and an X-ray detector. A collimated beam of x-rays generated by a cathode ray tube,
with a wavelength (λ) range from 0.7 to 2.0 Å, interacts with a sample and is diffracted by
the crystalline phases in the sample according to Bragg’s law.
nλ = 2d sinθ

Equation 2.6

where n is an integer, d is the interplanar spacing generating the diffraction and θ is the
diffraction angle (Figure 2.6). The intensity of the diffracted X-rays is recorded as a
function of the diffraction angle (recorded as 2θ by convention) and the specimen
orientation. The samples in specimen holder rotate in the path of the collimated X-ray beam
at an angle of θ while the x-ray detector rotates at an angle of 2θ. For a typical powder
pattern, like what we have studied in this thesis, data is collected at 2θ from 10o to 100o.

Figure 2.6 Sketch of X-ray diffraction: Bragg diffraction in a crystal.
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XRD is the mostly widely used method in material characterization because it is
nondestructive and sample preparation requirement is minimal. It is a powerful and rapid
technique for identification of unknown materials and data interpretation is relatively
simple. XRD is best method for characterizing homogenous and inhomogeneous strains.
Homogeneous strain shifts diffraction position while inhomogeneous strains broaden the
diffraction pattern. Furthermore, one can estimate crystal size (D) from the peak width, if
there is no inhomogenous strain, by using Scherrer’s formula:
𝐾𝜆

D = 𝐵 𝑐𝑜𝑠 𝜃

𝐵

Equation 2.7

where B is the full width of height maximum of a diffraction peak, θB is the diffraction
angle and K is Scherrer’s constant. But sometimes Scherrer’s formula may not be useful in
the case of nanoparticles where they often form twinned structures. Other main XRD
limitations are a standard reference file are required, tenths of gram of sample is required,
and sometimes peaks overlap.
In this thesis, a Rigaku Miniflex X-ray diffractometer capable of measuring powder
diffraction patterns from 3 to 150 degrees in 2θ were used. The instrument has capability to
characterize materials and can be used for phase identification as well as qualitative and
quantitative analysis of powder samples. The instrument uses copper (Cu Kα) radiation with
a wavelength of 1.54178 Å and it is equipped with a 6 sample holder for automation of
sample measurements.
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CHAPTER 3
CARBON-BASED NANOMATERIALS FOR HEAT DISSIPATION
NANOCOMPOSITE COATINGS
3.1 Introduction
Thermal management has been a big concern in electronics, optical industries, microelectro-mechanical systems (MEMS), and other areas where removing heat is important for
system reliability and work efficiency. An increase in consumer demand in electronics and
related supplies has led to an explosive growth in the electronic industry in the past few
decades. The advancement in electronics and computer industries led to an exponential
increase in power, speed and density of smarter and smaller products. Thus, power
dissipation and its impact became a point of concern for the industry and hence require
innovative solutions to the growing challenges of thermal management.
If we put reliability and performance into consideration, thermal management needs to
be applied to all electronic equipment that dissipate heat. This is mainly applicable to
modern electronics, as they are susceptible to more heat generation and consume more
power. In electronics, there are a number of challenges for effective thermal management.[12]

Those challenges may include one or more of the following: (1) harsh environments, (2)

product miniaturization, (3) reduced product cost, (4) growing power density, (5) reduced
form factors, (6) reliability and performance constraints, and others. To overcome the above
challenges, thermal management solutions should be developed based on the requirements
of electronic devices.
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The objective of thermal management designs in general is an efficient way to remove
heat from a device (hot body) to the ambient environment. Traditionally, thermal
management technology functions on the basics of heat transfer principles. When there is
temperature difference in a medium, heat transfer occurs in three different modes, i.e.
conduction, convection and radiation. Conduction happens at molecular level when there is
a temperature gradient in a medium, i.e. solid or fluid. It occurs along the temperature
gradient due to lattice vibrations in crystals, collisions in the gases and electron flow in
metals. In conduction, heat flux is proportional to the temperature gradient and the direction
of temperature decrease. It is given by the Fourier law equation:
𝑞
𝐴

𝑑𝑇

= −𝑘 ∗ 𝑑𝑥

Equation 3.1

where, the heat flux (q/A) is given by the heat (q) divided by surface area (A) of the
medium, k is the thermal conductivity of the medium and dT/dx is the temperature gradient.
Convection can be defined as heat transfer due to molecular motion or bulk fluid motion
and it can be classified into natural convection and forced convection. Natural convection is
fluid motion due to density differences, while forced convection is fluid motion driven by
an external force. Convective heat transfer (Q) at the surface of a hot body is given by
Newton’s law:
Q = hcAdT

Equation 3.2

where hc is the heat transfer coefficient, A is area of the hot body and dT is temperature
difference.
Radiation is heat transfer by the emission of electromagnetic radiation, and does not
require a medium like conduction and convection. Furthermore, radiation unlike conduction
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and convection, occurs without any temperature difference. Thermal radiation is mainly in
the visible and infrared region of the electromagnetic spectrum. Radiation heat transfer (Q)
occurs due to radiant energy emitted from hot body by virtue of its temperature and is given
by the Boltzmann equation:
Q = εσA(T1 – T2)

Equation 3.3

Where ε is surface emissivity, σ is Stefan-Boltzmann constant, A is the surface area and
T1 and T2 are surface and ambient temperature, respectively.
Conventional methods of dissipating heat have been practiced for a long time focusing
on two of the above heat transfer modes (Conduction and Convection). Based on the two
modes of heat transfer, a number of heat dissipating technologies have been designed and
practiced. Most of them can be categorized into single-phase conventional cooling
technology, such as fan, heat sink, and heat pipe and single-phase conduction cooling
technologies, such as conduction circuits and wedge lock technology. Currently, the
challenges of thermal tasks have led to development of cooling technology from singlephase to multi-phase heat transfer. Multi–phase cooling technologies consist of different
kind of heat transfer designs and materials. Some examples of multi-phase cooling
innovations include phase change material, spot cooling, vapor chamber cooling, and
pipes/heat super conductors. However, the above-mentioned technology has still not
fulfilled the general requirement to develop lightweight, low cost and compact thermal
control and heat exchange technology. The reasons are, (1) conventional techniques are not
compact and require additional components like fans and power supplies, and (2) multiphase cooling technology are usually expensive and bulky. Therefore, an innovative
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solution to improve thermal performances of devices is required to achieve the general
requirements (cost, size and weight) of thermal management solutions.
3.2 Molecular fan cooling technology
In order to solve thermal management challenges, our group has proposed and studied a
nano-coating application termed molecular fan (MF)[3-5] that radiatively dissipates heat to
the adjacent environment. Molecular fan coatings (MF) are a radiative cooling technique
where the active phonons in nanomaterials are designed to vibrationally emit excess heat by
radiation. The technique is independent of its surrounding and it does not require space or
power, which makes it more advantageous compared to conventional methods of heat
transfer techniques (heat sink and heat pipe).
Unique properties (electrical, thermal, and mechanical) and the potential applications of
nanomaterials have attracted extensive research on different fields including thermal
management. Carbon-based nanomaterials have been suggested as the next generation of
heat dissipation routes[6-8] and thermal management[9-12] due to high thermal conductivity
(Table 3.1),[13-15] and mechanical strength.[16-17] Carbon materials in the form of monolithic
carbonaceous materials, like graphite, diamond and carbon composite matrix have been
used for electronic packaging and their thermal management system.[18-19] Due to their high
thermal conductivity properties and high surface emissivity, carbon-based materials are
attractive candidates for molecular fan cooling technology.
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Table 3-1 Physical properties of some carbon-based materials.[18]

Molecular fan can simply be defined as a thin film coating that has chemically
functionalized nanomaterials, which radiate heat by vibrational motion of molecules. It
provides enhanced infrared emissivity for surfaces of coated substrate. The MF coating was
formulated by water-based organic-inorganic hybrid emulsion, containing well aligned
thermally conductive nanomaterials. It is an environmentally friendly formulation, which
uses solvents and co-solvents free of hazardous air pollutants (HAPs). The key components
for molecular fan coating assembly are: (a) high thermal conductive materials, (b)
functionalized materials that posses highly quantized lattice motions, and (c) a host polymer
matrix (acrylic/urethane). Dispersing functionalized nanomaterials with high thermal
conductivity into host matrix increases thermal conductivity, modifies surface morphology,
and enhances surface area. Generally, materials are functionalized for two main reasons: (1)
to improve dispersion of materials in the host matrix, and (2) provide active vibrational
groups that release heat (energy) by vibrational relaxation. Molecular fan is prepared as a
coating formulation and applied on any kind of substrate (mostly metals) by means of either
dipping, spraying or drawbar coating techniques. Compared to conventional cooling
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methods molecular fan has advantage in that it does not require any power source to
function. It is powered directly from the heat generated by a device. In addition, molecular
fan does not require any additional space, as it could be assembled in one centimeter square
surface area.
Previous work in our group has shown that carbon-based materials like carbon black
(CB), nano-diamond powder (NDP) and multi-walled carbon nanotubes (MWCNT) are
excellent radiative emitters and promising materials for thermal management.[3-5] Further
detailed work focused on the effect of different carbon-based materials on cooling
efficiency will be discussed and reported in this chapter.
3.3 Experimental and characterization
3.3.1 Materials and chemicals
All chemicals and materials were used as received without any further purification.
Carbon black (CB; 95% pure, preliminary particle size ~20nm) and graphene were
purchased from Akzo Nobel and RiteDia Corporation while nanodiamond powder (NDP;
95% pure, size ~ 5nm), and multiwall carbon nanotube (MWCNT; 98.5% pure, diameter
20-30nm) were obtained from Maple Canada Group and Cheap Tubes, Inc. respectively.
Sodium dodecyl benzene sulfonate (SDBS) surfactant was purchased from Sigma Aldrich.
3.3.2 Preparation of suspension and coating formulation
The organic/inorganic water based hybrid coatings were formulated by conjunction of
nanomaterials suspension and an aqueous organic emulsion. Suspension was prepared by
dispersion method using ultra-sonication technique. Required amount of nanomaterials
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were dispersed in milli-Q water in presence of surfactant (SDBS) using sonic
dismembrator, Fischer Scientific, 20 Khz output frequency at 30 % amplitude for 10
minutes. The suspension was then transferred to a mixture of acrylic copolymer emulsions
(obtained from DSM NeoResins, Inc), and a crosslinking agent (obtained from CYTEC
Industries, Inc.). Steel beads were added to the mixture and mechanically grinded by drill
press for 90 minutes. Co-solvents obtained from Sigma Aldrich were added as a matting
agent for gloss reduction and pH control and ground for another 60 minutes. Three drops of
mercapto silanes (Gelest, Inc.) were added to promote adhesion and abrasion resistance.
Additives for flow and leveling, substrate wetting, surface tension and defoaming were
added at the end to improve coating properties. A summary of materials used, their amount
and purpose, is given in Table 3.2.

Table 3-2 Water-based general MF formulation
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Samples were prepared by spray coating method on aluminium Q-panels (Al 3003,
Obtained from Q-lab). Prior to coating, all samples were cleaned by milli-Q water followed
by ethanol (95%) and air dried. Coated panels were air dried for 15 minutes in the
laboratory hood followed by thermal curing in an oven at a temperature of 130oC for 10
minutes.
3.3.3 Sample characterization
Detailed experimental set up for temperature cooling evaluation for coated sample was
described in chapter 2. Here, the results are reported in terms of temperature (oC) difference
(∆T) of coated and uncoated samples at the same experiment conditions. Cooling
temperature percentage is reported by dividing ∆T with temperature of control (Tc)
multiplied by hundred. Emissivity of samples was estimated from a calibration curve of an
IR thermometer (Omega OS530LECF, spectral range 5-14 µm).
3.4 Results and discussion
Thermal radiation in dissipative coatings works by absorption and excitation of heat
(energy) by molecular vibrations of organic functional groups and designed lattice motion
of active thermal dissipation materials. The radiative cooling is mainly contributed from the
excited vibrations that result in emission of energy to the environment, when heated to
certain temperature by the heat source. Furthermore, radiative properties can be attributed
to thermal conductivity and associated with assembles of nanomaterials in the coatings.
Assemblies of nanomaterials in coatings are mainly contained in how they are
functionalized and dispersed into the polymer emulsion.
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3.4.1 Carbon material suspension
Dispersion and stabilization of carbon-based materials into matrix is imperative for heat
dissipation coatings to achieve highly quantized potential energy surface. In contrary, if the
active heat dissipation materials are not well dispersed and stabilized, the potential energy
surface cannot be quantized and may result in continuous or quasi-continuous energy levels
due to strong couplings. This poor quantization of excited lattice motion leads to nonradiative decay and produces heat that may direct to re-heating of substrate.
For dispersion and stabilization of materials in polymer composite matrix, it is necessary
to understand how particles can be kept as individual entities. In preparation of coating
formulations, if particles do not disperse and stabilize properly, formulation issues such as
flocculation, floating, and shock can develop and result in diminution of application
performance. Stabilization of dispersed carbon materials in aqueous systems is limited due
to their strong hydrophobic character. For example, multi walled carbon nanotubes
(MWCNT) usually agglomerate in aqueous solutions due to Van der Waals force. This
brings a significant challenge in introducing MWCNTs into a polymer matrix in order to
achieve better dispersion and alignment and strong interfacial interactions. [20] The effective
way to prevent agglomeration of carbon nanomaterials is functionalization, which helps to
stabilize dispersed nanomaterials in polymer matrix without any chemical and physical
property change. In this report, we develop an effective dispersion technique to produce
stable carbon nanomaterial dispersion in aqueous solution through non-covalent
functionalization that involves surfactants. In our study, we have used anionic surfactant,
sodium dodecylbenzene sulfonate (SDBS, Figure 1(i)), as dispersant and sonication
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technique to break agglomerates. SDBS provide suspension of materials through
electrostatic repulsion of the charged chemical moieties.[21] Figure 1(ii) shows dispersion of
MWCNTs in water in presence of surfactant and no surfactant. Multi walled carbon
nanotubes are prone to aggregation, therefore precipitate to the bottom if no surfactant is
used along dispersion regardless the time of sonication. As shown in Figure 3.1, when no
SDBS is used, almost all MWCNT were sedimented after one day, leaving the upper fluid
transparent. In contrast, when SDBS is used, the suspension remains stable for more than a
month with no visible precipitation. This shows that, SDBS provides homogeneous
dispersion and can help incorporate carbon materials into coating composite without any
floating and flocculation.
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Figure 3.1 (i) Chemical structure of sodium dodecylbenzene sulfonate (SDBS) and (ii)
dispersion of multi-walled carbon nanotubes in water: (a) with SDBS and (b) with no
SDBS.

3.4.2 Molecular fan composite
Carbon-based materials (CB, NDP, MWCNT and Graphene) were well dispersed in
water with SDBS and then formulated with acrylic emulsion to form a MF coating (Figure
3.2(a)). Detailed formulation process is described in the experiment section. The
formulation composite is environmentally friendly due to water being used as a medium
and no toxic solvent were included. The composite mixture was sprayed onto aluminum
panel using hand held air spraying gun as shown in Figure 3.2(b). The use of material
suspension in presence of surfactant was useful in dispersion of carbon based materials in
polymer composite to avoid any damage to the required properties. Furthermore, the
amounts of nanomaterial loading should be controlled to avoid any loss of property due to
high concentration (over saturation).

Figure 3.2 (a) Carbon black MF formulation coatings, (b) a CB-MF coated on aluminum
panels.
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3.5 Heat dissipation measurement
Molecular fan made of acrylate organic/inorganic hybrid emulsion coating was prepared
with 1.0 – 2.0 wt% of carbon materials (CB, NDP, MWCNT and Graphene) and coated on
aluminum substrate with average thickness of 25 µm. The performance of heat dissipation
was evaluated for each sample as described in chapter 2. As discussed in the introduction,
the radiative heat dissipation can be effective when the molecular modes and lattice
motions assembled on the coated surface are quantized. When these quantized lattice
motion are excited to higher quantum states by heat source, they will decay to the ground
state readiativly by emitting an IR photon of energy (hv). Previous study by our group on
Raman spectra of carbon based materials clearly showed that MWCNT have higher
quantization than CB while NDP barely showed any quantization of phonons (Figure
3.3(a)) [4]. Furthermore, as shown in Figure 3.3(b), quantization activities of lattice motion
were retained after carbon materials were assembled into molecular cooling structure of the
polymer composite.

This reveals that, there is no possible loss of property due to

aggregation, physical damage or high concentration of loaded materials.
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Figure 3.3 Raman spectra of (a) CB (green), NDP (red) and MWCNT (blue) and (b)
MWCNT and acrylic emulsion (AC) of MWCNT.[4]

3.5.1 Carbon black molecular fan
Carbon black as shown in Figure 3, does not have well quantized phonons but shows
low intensity peaks at 1326 cm-1 and 1577 cm-1 which can be recognized as transversal axial
mode ( band) and longitudinal mode (G band) respectively. Similarly, carbon black does
not possess high thermal conductivity compared to MWCNT and graphene but has
excellent mechanical properties, light weight and low production costs. These properties
make carbon black attractive for thermal management applications. As shown in Figure 3.4,
we carried out heat dissipation measurement with different carbon black loading amount.
Three or more measurement was carried out to show a consistent result for each sample.
The experiment was carried out at input power of 60 V for duration of about 3 hrs.
Molecular fan coating with 1.0 wt% and 1.5 wt% loading showed a cooling efficiency of
18.7 % and 18.9% respectively. This insignificant difference in cooling performance could
result from a balance effect in different factors that affect heat dissipation, namely thermal
conductivity and emissivity. High emissivity is usually observed with increase of loading
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amount, while thermal conductivity is often affected with increase in amount as
intercalation and aggregation of particles may result in decrease of heat transfer. This can
be clearly observed as the loading amount increased to 2.0 wt%, where there was
significant decrease in cooling performance by 2.6 %. This decline in cooling performance
could be due to saturation of carbon black amount in the polymer composite. In other
words, high concentration of carbon black as filler may result in losing critical properties
such as thermal conductivity and mechanical strength. Furthermore, an increase on carbon
black loading amount could lead to impede heat release by active functional end groups of
coating matrix by obstructing any vibrational movement. No change in emissivity (~ 0.96)
is recorded when we carbon black changes from 1.5 wt% to 2.0 wt%, implying that thermal
conductivity is the only possible reason for a cooling efficiency decrease.

Figure 3.4 Temperature cooling measurement of MF coating with different CB loading
amount.
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In addition, we investigated carbon black cooling performance with different molecular
fan coating thickness. Samples with 1.0 wt % loading and 15 – 60 µm coating thickness
range was prepared and studied. Samples were tested three times to show a consistent
result. Referring to Figure 3.5, there is slight increase in cooling performance as the
thickness of coating changes from 15 µm to 30 µm. This was followed by a decrease in
cooling performance when the thickness increased to 60 µm. As discussed above, MF
composite should be designed to yield highest possible thermal conductivity in a single
direction (vertical) and sufficient filler (carbon black) reinforcements to provide heat
spreading along the axis (horizontal). An increase in thickness from 15 µm to 30 µm
provided the panel with sufficient amount of carbon black MF to conduct and spread heat
effectively along vertical and horizontal axis respectively. Further increase in thickness
leads to saturation in carbon black and leads to ineffective conductance and spread of heat.
This leads to accumulation of heat at the surface of coating and results in a decrease in the
cooling performance.
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Figure 3.5 Temperature cooling measurement of carbon black MF coating with different
coating thickness.

From heat dissipation evaluation of composite coating with carbon black fillers, we
concluded that loading amount and thickness of coating assembly will affect the cooling
performance significantly. However, low quantization and moderate thermal conductivity
of carbon black plays a small role in cooling performance differences in both loading and
thickness factors. The main cause of cooling efficiency differences may arise from coating
composite property change due to carbon black saturation, when loading amount and
coating thickness increases.
3.5.2 Carbon nanodiamond (NDP) molecular fan
Carbon nanodiamond exhibits interesting combinations of physical, optical, and thermal
properties which makes them attractive fillers to enhance properties of polymer composites.
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They have ultrahigh thermal conductivity that extends from as low as 900 up to 2,320
W/mK,[18] which is promising for thermal management applications. They offer good
transparency across visible and IR range,[22] and wear resistant,[23] that are critical properties
for polymer composite coatings. Furthermore, nanodiamond are chemically inert[24-25] and
electrically insulating.[26] Here, we prepared NDP/polymer composite coating by dispersing
1.0 wt% NDP (~ 5nm) in epoxy composite to study heat dissipation performance. The
sample was coated on aluminum panel (thickness of 25 µm) and heat dissipation was
operated at 60 V power input. Surface emissivity of NDP/polymer composite was estimated
at 0.86 using standard calibration curve of the instrument. Figure 3.6 shows the temperature
profile versus operation time of NDP polymer composite coating. The result reveals that
16.2 % cooling efficiency is obtained with NDP/polymer composite. In comparison to
carbon black which has way less thermal conductivity, NDP polymer composite exhibits
less cooling efficiency. As shown in Figure 3.3, carbon black has a higher lattice
quantization compared to nanodiamond, which implies that quantization of lattice motion
and molecular modes of coated surface plays a vital role in radiative cooling.
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Figure 3.6 Temperature profile versus operation time for aluminum panel (control) and MF
coating containing 1.0 wt % NDP.

3.5.3 Multi-walled carbon nanotube (MWCNT) molecular fan
Carbon nanotube has many advantages over other carbon-based nanomaterials in terms
of electrical and thermal properties.[27-29] Those properties along with exceptional
mechanical properties offer great potential for a wide range of application including thermal
management.[12, 30] Beside their high thermal conductivity, multiwalled carbon nanotubes
exhibit higher lattice quantization (Figure 3.3) compared to carbon black and nanodiamond.
The combination of higher thermal conductivity and high surface emissivity (0.98) makes
MWCNT polymer composite to possess a better cooling performance (22 %) as shown in
Figure 3.7. For measurement of cooling performance, MWCNT polymer composite was
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formulated with 1.0 wt% MWCNT loading and coated on aluminum panel with a thickness
of 25 µm. The heat dissipation measurement was carried out under the same experiment
conditions as CB and NDP studies.

Detailed study on MWCNT polymer composite

focused on loading, nanoparticle size, coating thickness, and substrate modification will be
discussed in chapter 4.

Figure 3.7 Temperature profile versus operation time for aluminum panel (control) and MF
coating containing 1.0 wt % MWCNT.

3.5.4 Graphene molecular fan
Graphene, a new class of 2D (two dimensional) carbon, arranged in a honeycomb lattice
exhibits a number of intriguing electrical, thermal and magnetic properties.[26, 31-32] For a
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discrete graphene , a thermal conductivity value as high as 10000 W/mK at temperature of
77 K has been reported by molecular dynamics studies,[33] and 5000 W/mK has been
measured experimentally.[34] Due to such high thermal conductivity, graphene also attracted
considerable attraction in thermal management. Graphene as a lateral heat spreader has
shown substantial reduction in temperature of hot spots in silicon-on-insulator (SOI) based
chips.[35] Furthermore, graphene in polymer composite matrix has been reported to display
an enhanced thermal conductivity.[36] Here, we have evaluated cooling performance of
graphene by incorporating 1.0 wt% graphene suspension into epoxy composite coating. As
discussed early in this chapter, dispersion and stabilization of graphene to maintain
monolayer form is critical to achieve high thermal conductivity and better phonon
quantization. Previously, we developed an effective dispersion technique to produce stable
monolayer graphene dispersion in aqueous solution as shown in Figure 3.8.[37] TEM images
of graphene platelets dispersed in water by sonicatiion with no surfactant ( Figure 6a)
showed multi layer structure with Raman bands (Figure 3.8c) at 1350 cm-1 (D-band), 1580
cm-1 (G-band) and 2700 cm-1 (2D-Band). Dispersion in presence of surfactant display thin,
transparent and small graphene sheets as shown in Figure 3.8b. Furthermore, the Raman
intensity of the D-band which is disorder band indicating graphene defects, is greatly
reduced and almost disappears.
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Figure 3.8 (a) TEM image of graphene in water solution without surfactant. (b) TEM image
of graphene in aqueous dispersion with surfactant. The scale bar in the TEM micrograph is
1 μm. (c) Raman spectra of graphene dispersion with (red) and without (black) the
dispersant used.

For evaluation of molecular fan performance, we carried heat dissipation measurements
at same experimental conditions as mentioned for the other carbon-based materials.
Graphene composite coating showed higher emissivity values (~ 0.99) as measured by the
system compared to all carbon-based materials. Temperature profile versus operation time
measurement (Figure 3.9) for graphene polymer composite reveals a lowering of
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temperature by 28 oC, which corresponds to an efficiency of 23%. This coincides well with
theoretical expectations that graphene with high emissivity and thermal conductivity has a
better cooling performance than NDP, CB and MWCNT. A summarized report on MF
cooling performance measurement of different carbon-based material composite and their
respective emissivity are shown in Figure 3.10 and Table 3.3.

Figure 3.9 Temperature profile versus operation time for aluminum panel (control) and MF
containing 1.0 wt % graphene.
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Figure 3.10 Temperature profile versus operation time for aluminum panel (control) and
MF coating containing 1.0 wt % of CB, NDP, MWCNT and graphene.

Table 3-3 Cooling efficiency estimation and emissivity measurement of carbon-based
material composite

3.6 Summary and conclusion
Four different nanomaterials, CB, MWCNT, graphene, and NDP, were well-dispersed
individually in water with dispersants, and then formulated with acrylate emulsions to form
molecular fan (MF) coating on aluminum (Al) panel. Figure 3.10 shows the temperature
profile versus operation time for bare aluminum panel and those coated with MF coating of
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different nanomaterials. The MF coating was prepared with a 1.0 wt % loading of CB,
NDP, MWCNT, graphene, separately, and spray coated to make a dry film thickness of 25
µm. At an operation temperature of 129 oC as shown in the control (black curve) on
uncoated Al panel, the equilibrium temperature of molecular fan coated panel was observed
as 20, 26, 28, and 30 oC for NDP-MF (red curve), CB-MF (blue curve), MWCNT-MF
(green curve), and graphene-MF (pink curve), respectively. The corresponding heat
dissipation efficiency of 16, 20, 22, and 23% were calculated as resulted from the action of
molecular cooling fan (Table 3.3).
When aluminum panel is heated, heat can be dissipated through thermal conduction,
convection, and radiation. Under the same experimental condition, the convection mode for
heat dissipation should be identical for uncoated and MF coated panels. Thus, the observed
heat dissipation efficiency in Figure 3.10 for NDP-MF, CB-MF, MWCNT-MF, and
graphene-MF should come from thermal conduction and radiative cooling. The thermal
conductivity, κ of diamond and graphene is the highest at ~2x103 W/m∙K, while that of
MWCNT and CB is smaller at ~2x102 W/ m∙K and ~ 1W/ m∙K, respectively. If thermal
conductivity of MF coating materials is considered as the principle factor for the effective
dissipation of heat, then the cooling efficiency should follow in the order of NDP-MF ≅
graphene-MF > MWCNT-MF > CB-MF. The thermal conductivity factor seems to point in
the opposite direction from the experimental measurement as indicated in Figure 3.10.
Thus, it is suggested that surface emissivity of the thermally conductive MF coating may
have played an important role in releasing heat from heat source to heat sink, and
radiatively to the surrounding environment. The radiative cooling can be effective when the
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molecular vibration modes and lattice motions of nanomaterials assembled on the MF
coated surface are quantized and the surface area of nanocoating is large. From the spectral
analysis of Raman, the lattice quantizations (D-band at around 1332 cm-1, G band at 1580
cm-1, and ~2700 cm-1 for the first overtone of D-band), for graphene and MWCNT are the
highest (well-resolved and intense), and those for CB are moderate (well-resolved but not
so intense) whereas those for NDP are very small with an amorphous carbon broad band
distribution. The highly quantized lattice motions can act as special radiative emitters,
resulting in higher surface emissivity, and contributing to higher efficiency of radiative
cooling. Using the instrument for evaluation of performance of heat dissipative coatings
and its procedure, the surface emissivity of bare Al panel, NDP-MF, CB-MF, MWCNTMF, and graphene-MF was measured as 0.15, 0.85, 0.96, 0.98, and 0.99, respectively
(Table 3.3). The observed heat dissipation results may best be explained by the combination
of both thermal conductivity and enhanced surface emissivity of the MF coating.
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CHAPTER 4
MOLECULAR FAN: FACTORS FOR OPTIMIZATION OF HEAT DISSIPATION
COATINGS
4.1 Introduction
Electronic industries are continuously striving towards miniaturization of electronic
devices which produce high power densities. As a result, thermal management in areas like
micro-electro-mechanical systems (MEMS) has become a big challenge. Practically, for
microelectronic devices to perform reliably, the temperature at chip surface must be kept at
low levels (~ 100 oC). However, for microelectronic devices with modest power levels, heat
fluxes can be significant (~ 50 W/cm2 for simple electronic chips, up to 2000 W/cm2 in
semiconductor lasers).[1] For the past few decades, thermal management of electronics
devices and systems has been integral part in the progress of world economy. Thermal
challenges have become key barriers for industries in continued improvements in devices
and system performance. Traditionally, conventional methods of heat dissipation have been
practiced for a long time focusing on two modes of heat transfer (conduction and
convection) but still, it is difficult to remove heat from devices effectively and efficiently.
With an increase in power density and a decrease in module size of devices, more efforts
are required for innovative solutions to improve a thermal control of devices.
More often, metals with high thermal conductivity and low thermal expansion like
aluminum and copper have been used for heat sink applications. However, those heat sinks
take a lot of space and are not ideal for miniaturized electronic devices. In addition, phase
change materials (PCMs), based on the latent heat absorbed or released when material
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reversibly changes phase, have been used as solution for thermal management.[2-4]Although
the PCMs do not require a large space, they usually have low thermal conductivity and
often are expensive. Recently, developments in nanomaterials and nanotechnology have led
scientists into a new research route of material synthesis and design for thermal
management. The unique properties of nanomaterials, such as high thermal conductivity,
high thermal diffusivity, low coefficient of thermal expansion (CTE), and a low density
made them attractive option compared to conventional passive thermal management
materials. Nanoparticles of metals and oxides have been used as colloidal suspension in a
base fluid to make nanofluid for heat transfer.[4-5] Nanofluids exhibit enhanced thermal
conductivity compared to the base fluid such as water, ethylene glycol and oil. Reports
have shown that, nanoparticles of Al2O3 with about 30 nm diameter have higher heat
transfer coefficient compared to the base fluid (water) at the same mass flow rate and the
same inlet temperature.[6] Furthermore, carbon-based nanomaterials have been suggested as
the next generation of heat dissipation route[7-8] in particular and thermal management[9-10] in
general, due to their high thermal conductivity,[11-13] mechanical strength,[14-15] and high
aspect ratio.[16] Different fabrication methods have been studied and reported to prepare
organic-inorganic hybrid composite coating containing carbon-based nanomaterials but
their applications were mainly focused on improving thermal conductivity,[9, 17] electrical
conductivity,[18-19] and mechanical properties[20-21] of composite coating.
Carbon nanotubes (CNTs) are excellent candidates to substitute or complement
conventional nanofiller (clays, silicas, carbon blacks) in the fabrication of multifunctional
polymer nanocomposite. Numerous reports show that carbon nanotubes (CNTs) are ideal
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fillers to improve mechanical, electrical and thermal properties of a polymer composites.[17,
20, 22-23]

The use of CNTs and CNT arrays for thermal management has been reported,[10, 24]

where CNTs were grown directly on the metal surface/substrate by chemical vapor
deposition. Experimental thermal conductivity of 3,000 W/m∙K[25] has been reported for an
individual CNT. Various CNT/polymer composites have been investigated to show
enhanced thermal conductivity of polymers.[26-27] Recent study reveals that epoxy samples
loaded with 1% unpurified single-walled carbon nanotube (SWCNTs) showed 125%
increase in thermal conductivity at room temperature.[9] In addition, epoxy resin with 0.1
wt% multiwalled carbon nanotubes (MWCNT) exhibits a 20% increase in elastic
modulus.[28] These improved thermal and mechanical properties of epoxy by CNTS offers
opportunity to use coating for thermal management.
In the past ten years, our research group at NIU has designed, investigated and patented
an innovative and effective heat dissipation surface nanocoating, termed ―molecular
fan‖,[29-31] which radiatively dissipates heat to adjacent environment. Molecular fan coatings
work as radiative miniature cooling machines, where the active quantized lattice motions in
nanomaterials are assembled to absorb heat from the heat source, promote to higher quanta
of vibrations and emit excess energy by radiation. Molecular cooling fan is independent of
many of the surrounding variables that limit the ability of mechanical fan to disperse heat.
MF is a space-less nano-assembly that does not require additional space as in the traditional
mechanical fan. Moreover, MF is powered directly from the heat generated by a device, so
it is a powerless heat sink assembly. The molecular fan nanocoatings are environmentally
friendly, easy to apply, and cheap.
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In the processing of MF organic-inorganic nanocomposite coatings, homogeneously
dispersed nanomaterials (MWCNT), nanodiamond powder (NDP), and carbon black (CB),
and graphene) facilitate heat conduction from device substrate to the surface of MF coating,
where heat radiates vibrationally to adjacent environment. MF coatings were formulated by
dispersion method using suitable surfactant.[32-33] Nanomaterials were dispersed in aqueous
solution to make a suspension and incorporated to polymer emulsion matrix (acrylate).
Previously, MF nanocoatings have shown a promising cooling performance due to the
enhanced surface emissivity of the MF coating (related to active lattice quantization) and
also offer the improvement of thermal conductivity. However, there are still unanswered
questions regarding the factors that can optimize heat dissipation performance.
In this work, we used a factorial design method to obtain the optimal factors and
conditions to achieve the highest heat dissipation efficiency of MF assembly. Seven (7)
factors and conditions were considered in the factorial design of MF assembly, including
type and size of nanomaterials, loading and thickness of coating formulation, type and
surface modification of device substrates, and in-put power of devices (or equilibrium
temperature of operation system). The optimal factors were used to formulate and apply MF
coating on commercial HDUs. The heat dissipation efficiency of MF coatings were
compared to others treated with powder coating, surface anodization, and uncoated bare
unit. The innovative aspects of MF coating will be discussed as resulted from their high
surface emissivity at selected temperature correlated with the active phonon modes of
nanomaterials.
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4.2 Experimental
4.2.1 Materials and suspensions
Carbon-based nanomaterials: MWCNT ( OD of < 8nm, 20-30nm, and 50-80nm), NDP
(95%, OD ~5nm), CB (98.5%, particle size ~ 20nm), and graphene were obtained from
Cheap Tubes Inc., Maple Canada Group, Akzo Nobel, and RiteDia Corporation (Taiwan)
respectively. Sodium dodecyl benzene sulfonate (SDBS) surfactant was obtained from
Sigma-Aldrich. Stable suspensions of nanomaterials were prepared by dispersion technique
using probe sonication process. A high power, programmale Ficher Scientific sonic
dismembrator (model 505, 23 KHz) was used at input power of 10 W, to separate
aggregation of nanomaterials. First, SDBS ( 0.2g) was slowly added to Milli-Q water (18
MΩ∙cm) while sonication. When the SDBS solution became uniform, a desired amout (15g) of carbon-based nanomaterials were added slowly in a period of 20 minutes. The
suspension remained stable for more than a month with no visible precipitation at the
bottom.
For substrate etching, the crystalline oxalic acid and tri-ethyl amine (TEA) were
purchased from Fisher Scientific and tetra-methyl ammonium hydroxide (TMAH, 25% w/w
in methanol) was obtained from Alfa Aesar. Surface modification (etching) by chemical
treatment was carried out on aluminum Q-panel in a sonication bath at temperature of 50 oC
for 5 minutes. Chemical treatment include three cleaning steps, namely prime cleaning
(water and alcohol), alkaline cleaning and acid pickling, followed with surface treatment
using 7.7% oxalic acid, 16 wt% TEA and 7.7% TMAH. Surface modification was analyzed
using scanning electron microscope.
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4.2.2 Organic-inorganic hybrid emulsion coating
The nanomaterial suspensions were mechanically ground with a mixture of arylic
copolymer emulsions (obtained from DSM NeoResins, Inc., Alberdingk Boley, C. L.
Hauthaway & Sons Corp., and Wacker Chemical Corp.) by drill press with steel beads for
90 minutes. Propylene glycol butyl ether ( PnB, Aldrich) co-solvent was added as matting
agent for gloss reduction and pH control. The mixture was ground for another 60 minutes.
Few drops ( 1 wt%) of mercapto silane obtained from Gelest were added to promote
adhesion and abrasion resistance. At the end, additives for rheology control (Cognis group),
substrate wetting (BYK chemie), surface tesnion (BYK chemie) and defoamer ( BYK
chemie) were added to maintain an excellent coating finish. In general, the organicinorganic hybrid nanocoatings had the following compositions: 50-65 wt% water, 20-30
wt% resin binders (aqueous emulsions or water reducible resins) and crosslinkers, 1-3 wt%
organo-functionalized silanes, 10-40 wt% HAPs-free co-solvents, 0.5- 3 wt% colloidal
silica nanoparticles, 5-15 wt% In-situ phosphatizing reagent (ISPR) catalyzed
polysilsesquioxane (PSSQ), 2-5 wt% chrome-free corrosion inhibitors (i.e., King Industries,
Grace Davison, Degussa and/or Ciba-Geigy Corporation), and a trace amount of surface
wetting and pH adjusting agents. Aluminum Q-panels (Al 3003) were obtained from QLab. Prior to coating, the panels were cleaned with Milli-Q water and 95 % ethanol. The
coating was sprayed on the panel by a spray gun, followed by drying at 130 °C for 10 min,
to give panels a coating thickness of 10 μm to 60 μm, as measured by a coating thickness
gauge (Electromatic Equipment Co., DCN-900). The surface adhesion of the dry film
prepared by MF nanocoating on substrate panels was tested using ASTM D3359 method,
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and the results are 5B with no coating removal along the cutted edge in the 1 mm x 1 mm
square of a total of 100 squares.
4.3 Characterization and instruments
4.3.1 Measurements of surface emissivity and temperature cooling
The experimental setup and detailed technique for evaluation of a heat dissipation
coating performance were described in our previous literature.[31] Briefly, the heat source of
the monitoring system is a thermally conductive copper disc of 8 cm diameter and 2 cm
thickness. Two holes on the circumference of the copper disk are drilled for a cartridge
heater and temperature sensor (PT resistive temperature sensor). The voltage input to the
cartidge heater and consequently the heat input to the copper disc is adjusted at the control
unit. The control unit also has a temperature monitor, controller, and a display for the block
temperature. The sample specimen (uncoated or molecular fan coated aluminum panel) is
heated by mounting it in contact with the upper surface of the copper disc. An additional
miniature thermocouple sensor (K-type) was installed and pressed on the top of specimen
surface to measure the surface temperature. The heat source was generated by a 30W
cartridge heater. The temperature was monitored by a temperature sensor and recored every
2 seconds. All measurement reading including input voltage, input current, copper block
temperature and IR thermometer reading were collected and recorded by acomputer with a
program developed in our laboratory. The experimental characterization of our samples
includes differences in cooling temperature by comparing coated samples with uncoated
samples under the same environmental set up and input power. Molecular cooling
performance difference (∆T of block) and thermal resistance (°C/W) associated is reported
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for every measurement. Rough estimation of thermal resistance of coating was done to give
insight of heat dissipation performance of the coating. Under the same circumstances
(instrument setup), cooling temperature percentage is reported. The measurement was given
by (∆T of block/ Temperature of control)*100.
An infrared (IR) thermometer (Omega OS530LECF, spectral range 5-14 µm) is installed
about 20 cm above the specimen surface and is placed normal (at 90o) to the surface to
record surface temperature. The emissivity is obtained by measuring the absolute
temperature of surface and comparing it with the surface radiation temperature (as read by
an IR thermometer). The absolute emissivity of a surface depends on various parameters
like surface roughness, spectral range of thermometer, temperature, emission angle, etc.
The objective of our monitoring system is to evaluate the cooling effect of molecular fan
nanocoating, for which the knowledge of relative surface emissivity as compared to the
uncoated surface is sufficient.

Table 4-1 Formulation materials, composition and purpose
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4.3.2 Coating characterization
Raman spectra were collected using Renishaw Raman system 2000. A He-Ne laser
(633nm) was used as the excitation source. A continuous grating scan was employed with
two accumulations, and the spectral range was from 1000 to 3000 cm-1. Chemically treated
aluminum Q-panel surfaces were characterized using scanning electron microscopy (SEM,
TeScan Vega II SBH). Detailed information on scanning electron microscope can be found
in chapter 2.
4.4 Results and discussion
4.4.1 Different nanomaterials for quantized lattice motions and action of molecular cooling
fan
In previous chapter, we investigated molecular fan cooling with four different
nanomaterials, CB, MWCNT, graphene, and NDP. Samples were prepared by dispersing
nanomaterials in water with surfactant, and then formulated with acrylate emulsions to form
molecular fan (MF) coating on aluminum (Al) panels. A MF coating prepared with a 5 wt
% loading of CB, MWCNT, NDP, and Graphene separately, with a coating dry film
thickness of 25 µm and operation temperature of 129

o

C showed an equilibrium

temperature of molecular fan coated panel observed as 20, 26, 28, and 30 oC for NDP-MF,
CB-MF, MWCNT-MF, and graphene-MF, respectively. The observed difference in heat
dissipation efficiency between NDP-MF, CB-MF, MWCNT-MF, and graphene-MF was
better explained due to thermal conduction and radiative cooling. The thermal
conductivities, κ of diamond and graphene are the highest at ~2x103 W/m∙K, while these of
MWCNT and CB are smaller at ~2x102 W/m∙K and ~ 1W/m∙K, respectively.[11, 34-35] Based
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on thermal conductivity of MF coating materials, a cooling efficiency should follow in the
order of NDP-MF ≅ graphene-MF > MWCNT-MF > CB-MF but the efficiency was
different as shown in Table 4.1. Thus, it is suggested that surface emissivity of the
thermally conductive MF coating may have played an important role in releasing heat from
heat source to heat sink, and radiatively to the surrounding environment. The radiative
cooling can be effective when the molecular vibration modes and lattice motions of
nanomaterials assembled on the MF coated surface are quantized and the surface area of
nanocoating is large. From the spectral analysis of Raman and refractive FTIR spectra, the
lattice quantizations (D-band at around 1332 cm-1, G band at 1580 cm-1, and ~2700 cm-1 for
the first overtone of D-band),[30,

36]

for graphene and MWCNT are the highest (well-

resolved and intense), and those for CB are moderate (well-resolved but not so intense)
whereas those for NDP are very small with an amorphous carbon broad band distribution.
The highly quantized lattice motions can act as special radiative emitters, resulting in higher
surface emissivity, and contributes to higher efficiency of radiative cooling. Using the
instrument for evaluation of performance of heat dissipative coatings and its procedure,[11,
31, 35]

the surface emissivity of bare Al panel, NDP-MF, CB-MF, MWCNT-MF, and

graphene-MF were measured as 0.15, 0.85, 0.96, 0.98, and 0.99, respectively (Table 4.1).
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Table 4-2 Emissivity and temperature (oC) cooling of MF coating with different
nanomaterials.
MF-coatings
Al-panel
NDP-MF
CB-MF MWCNT-MF
Graphene-MF
% T cooling
Emissivity (ε)

0.15

16

20

22

23

0.85

0.96

0.98

0.99

4.4.2 The effect of MWCNT size on lattice quantization and radiative cooling enhancement
To investigate the effect of nanomaterial size in molecular fan cooling we carried out a
test on different sized multi-walled carbon nanotubes; MWCT with 8nm, 20-30nm and 5080 nm outer diameter. A change in mechanical, electrical and catalytic properties, due to
increase in surface area to volume ratio was reported with decrease in nanomaterial size. In
this experiment we observed decrease in MWCT size leads to an increase in higher MF
coating cooling performance. Figure 4.1 shows a cooling of 22 oC (22% ) temperature
cooling of MWCT (<8nm) compared to MWCT (20-30nm) (19oC) and MWCT(5080nm)(18oC) for a coating thickness of 25µm, loading of 5 wt% and input power of 50 V.
Raman spectra ( Figure 4.2) shows high quantization of MWCT(<8nm) with intense picks
around 1577 cm-1 longitudinal G-band compared to bigger size, MWCT (20-30 nm) and
MWCT (50-80nm). Quantized lattice motion on coated surface leads to higher phonon
thermal conductivity tensor which in turn leads to higher radiative surface emissivity. When
these quantized lattice modes are heated, they excited to higher quantum states and release
IR photon of energy when they relaxed to ground state. When lattice modes are not well
quantized, the relaxation time will be short and radiative cooling will be low.
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Figure 4.1 Temperature profile versus operation time of uncoated Al Q-panel (control) and
MWCT MF coatings. Samples are prepared with carbon nanotubes of different radial size
(<8nm, 20-30nm, and 50-80nm).
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Figure 4.2 Raman spectra of MF coatings with different MWCNT size.
4.4.3 The effect of MWCNT loading
From our previous work,[30] it was noted that the density of lattice modes assembled on
MF coating affect the heat dissipation efficiency and temperature cooling performance. The
experiment was carried out on MWCNT loading of 0.4 wt%, 0.7 wt% and 1 wt% and
reported a MF cooling performance of 9oC, 14oC and 17oC respectively. Here we extend
our study by increasing amount of MWCNT loading more than 1 wt%. Coating formulation
of MWCNT (<8nm) with 1 wt%, 2 wt% and 5 wt% loading was prepared. The experiment
was carried out at input voltage of 60 V with coating thickness of 25µm. Compared to
temperature cooling obtained by < 1 wt% MWCNT loading, the difference in temperature
cooling was small. Temperature versus time curve for different loading, Figure 4.3, shows
3oC MF cooling with increase in loading from 1 wt% to 5 wt% MWCT. MWCT loading
increased from 1 wt% to 2 wt% and further to 5 wt% leading to saturation and the effect in
cooling becomes minimal.

90
4.4.4 The effect of coating thickness
Coating thickness is another factor that can influence MF cooling performance. In this
work we analyzed the effect by applying coating thickness in the range of 3-5 µm to 60-65
µm. For this experiment, coating formulation contained, MWCNT (< 8nm) nanomaterial
with 5 wt% loading and the measurement was carried out at input voltage of 60 V. Figure
4.4, shows there is steady increase in cooling with increase in thickness of coating until a
thickness of 20 µm; further increase in thickness to 30 µm leads to ~ 1oC MF cooling. An
increase to a very thick coating of 60 µm leads to 3oC MF cooling. From Table 4.2 it can be
seen that there is an increase in emissivity with increase in thickness and an emissivity of
greater > 1 was observed for coating with thickness of greater than 30 µm. From this, it is
clearly seen that emissivity plays a major role in cooling performance of MF coating.
Further work and study is going to determine this unusual value of emissivity.
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Figure 4.3 Temperature profile versus operation time for uncoated Al Q-panel (control) and
MWCT-MF coatings with Carbon nanotube loadings of 1 wt%, 2 wt% and 5 wt%. All
coatings sample have the same carbon nanotube size (<8nm) and thickness (~ 25µm).
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Figure 4.4 Temperature profile versus operation time for MWCNT-MF coatings of different
thickness (3-5 µm, 8-10 µm, 18-20 µm, and 60-65µm) and uncoated Al Q-panel (Control).
All coatings sample are prepared with the same carbon nanotube size (<8nm) and loading
(5 wt%).
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Table 4-3 Cooling temperature and emissivity of different thickness coating with 5 wt%
MWCNT (<8nm) loading.
Coating
MWCNTMWCNTMWCNTMWCNTMWCNTthickness
5µm
10µm
20µm
30µm
60µm
T (oC) Cooling

17.8

21.2

25.9

27.1

28.9

Emissivity

0.72

0.90

0.98

> 1.0

> 1.0

4.4.5 The effect of coating substrate
MWCT-MF coating was also applied on different substrate to understand performance
in real world application and effect on different metal panels. In this experiment, CNT of
20-30 nm size and 1% loading have being used for all substrates with input voltage of 50V.
Molecular cooling efficiencies of 18 %, 17 %, and 15 % were observed for MF coating
applied on aluminum, magnesium and copper substrates respectively (Table 4.3). Higher
cooling performance by aluminum is due to low emissivity of control sample that result on
high control temperature. The opposite is true for copper, which possess high emissivity
that leads to lower temperature of control. Table 4.3, shows the emissivity of bare substrate
and emissivity of substrate after it is coated. We can clearly observe that emissivity of all
substrate is similar and leads to the same final temperature. Rough estimation of thermal
resistance (the whole system assumed as a unit heat sink) of substrate before and after
coating was also reported.
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Table 4-4 Cooling efficiency, emissivity, and thermal resistance data for MWCNT-MF
coatings on different substrate

4.4.6 Molecular fan cooling at different power input
Radiative cooling performs better at higher temperature. With an increase in heating,
many lattice modes of vibration get excited with enough amount of energy. The excitation
and relaxation process of coating leads to high rate of radiative cooling performance. As we
can be seen in Figure 4.5, an increase in power input causes an increase in temperature
cooling difference between control and MWCT MF-coated aluminum panel. This clearly
shows that at higher input power, the cooling effect is bigger but for organic composite
coatings, melting property should be put into consideration.
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Figure 4.5 Temperature profile versus Voltage input (V) of MF coating with a MWCNT (<
8nm) loading of 5 wt% and a coating thickness of ~25 µm.

4.4.7 The effect of surface modification on MF cooling
Surface modification process was carried out for two main reasons: (1) increase surface
area of substrate so that contact area of MF-coating with substrate increases, and (2) to
improve adhesion of MF-coating to substrate. As previously discussed, three methods of
etching were carried out; oxalic acid, tri-methyl amine (TEA) and tetra-methyl ammonium
hydroxide (TMAH) (see experiment), on aluminum panel and MWCT (<8nm) MF-coating
with 5 wt% loading, thickness of 25µm was applied to the panel. As can be seen from
Figure 4.6 and Table 4.4, based on the etching of substrate, there is difference in cooling
performance of uncoated panels due an increase in surface area and change in emissivity of
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aluminum panels. SEM image reveals that TMAH treated Al panel exhibits more pore-like
pattern on the surface compared to other two treatments. As expected, surface etching leads
to an increase in surface area, which leads to lowering of equilibrium temperature of
TMAH treated panel (Control-TMAH) by approximately 7 oC in reference to untreated Al
panel. This can be explained in two ways: (1) high surface area leads to an increase of area
exposed to environment (fluid motion), which is a favorable situation for efficient
convective cooling, and (2) an increase in surface roughness lead to an increase in surface
emissivity of a sample and in turn leads to lowering of temperature. A consistent thermal
resistance decrease was observed for all surface treated specimens because the surface area
and coating thickness was the same for all the samples.
4.4.8 MWCNT molecular fan applications
The optimized factors were used to prepare molecular cooling fan coating formulations
and applied to a PAR 38 LED light aluminum module. For a bare heat-sink module, the
PAR 38 LED light was operated at an equilibrium temperature of 64 oC. The aluminum
heat-sink module in commercial lamp was decorated with a white-gray powder coating.
The equilibrium temperature was measured at 59.1 oC; a very mild cooling of 4.9 oC was
shown by powder coating. When the same heat-sink module was assembled with molecular
fan coating, the equilibrium temperature of the same PAR 38 LED light bulb was measured
at 48.1 oC. A large cooling effect of 15.9 oC was accomplished. The observed molecular fan
radiative cooling is probably resulted from the increase in surface emissivity of aluminum
module to 0.98. The heat dissipation efficiency of molecular cooling fan coating is better
than that of commercial powder coating.
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Figure 4.6 SEM image of chemical initiated surface etching of aluminum panels: (a) Al
panel control with three step cleaning (b) oxalic acid etched Al panel(c) tri-methyl amine
(TEA) etched Al panel (d) tetra-methyl ammonium hydroxide(TMAH) etched Al panel.
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Table 4-5 Temperature cooling efficiency and thermal resistance (oC/W) of MWCNT MFcoated samples
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The molecular fan coating was also tested for the commercial heat spreader to evaluate
the cooling efficiency of molecular fan versus anodization surface treatment. Three
identical aluminum heat spreaders (each the size of an A4 paper) were prepared as follows;
(1) bare, without surface treatment and coating, (2) a commercial anodization treatment,
and (3) molecular fan coating. Under the same experimental settings, the equilibrium
temperature of heat spreader was measured at 97 oC for bare, 89 oC for anodized, and 82 oC
for molecular fan coated, respectively. The surface emissivities for bare, anodized, and
molecular fan coated aluminum were measured as 0.15, 0.88, and 0.98, respectively. The
heat dissipation efficiency of molecular cooling fan coating is higher than that of
commercial anodization treatment. It is important to note that surface anodization process
of metals is done by an electrochemical method. The process uses high electricity, requires
precise control of chemical compositions and conditions, and produces environmental
hazardous chemical wastes. The environmental control agency in Asia, especially in China,
has begun to discourage the use of anodization process by limiting new industrial licensing
certificates for commercial operation.
In heat dissipation of CPU and LED modules, the heat-sink design generally uses copper
(Cu), aluminum (Al), or magnesium (Mg) alloys as manufacturing materials. The size and
mass of the heat-sink required for effective heat release depends on the amount of heat (Q)
or temperature (T) of the heat source. Following the general equation,
Q = m (in g) x Cp (specific heat capacity, in J/g●K) x ΔT (Tfinal – Tinitial)

Equation 4.1

The amount of heat dissipated is a function of the mass of heat-sink (m), specific heat
capacity of material used, and cooling of equilibrium temperature (ΔT) of heat source. For a
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high power heat source, a large size with heavy weight of 3-6 kg material was generally
required for constructing an effective heat dissipation heat-sink. In addition, heat sinks are
commonly designed to have a lot of fins, e.g., thin, large size (high x width), dense, etc.
Those fins are used for increasing surface area of the heat-sink, and thus lowering the
equilibrium temperature of heat source. These large size and complicate fins are expensive
to mold and manufacturing in an industrial scale.
For molecular cooling fan coating, the coating formulation uses high emissivity and high
thermal conductivity nanomaterials that can provide high surface area of coated heat-sink.
The high surface emissivity of molecular fan coating offers an enhanced radiative cooling
of ΔT. Based on the heat release equation above, to dissipate the same amount of heat Q,
the heat-sink coated with molecular cooling fan can have a smaller size and simpler fan
structures. Therefore, the manufacturing cost of a LED light module will be less and the
market price substantially lower.
Figure 4.7 shows a new design of 100 W high Bay LED light unit coated with molecular
cooling fan. The heat-sink design is small, light weight, and very simple fins structure
arrangement. The total LED light module (Figure 4.7a) weighs only 0.9 – 1.6 kg, which is
about 1/2 - 1/3 the mass of current commercially available products. Upon the application
of molecular fan coating, the junction temperature, Tj, was shown to decrease from 81 oC to
67 oC (Figure 4.7 b and c), i.e., a ΔT= 14 oC or a cooling efficiency of 17%. Following the
graph of junction temperature Tj (oC) vs half-life of LEDs (hours) published, the lowering
of Tj from 81 oC to 67 oC observed in Figure 4.7 indicated that the molecular fan coating on
the 100 W high Bay LED light unit can increase the Led life span duration from 50,000 hrs
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to 100,000 hrs. Figure 4.7d shows an increase in luminance from 15,300 Lux (uncoated
heat-sink) to 17,600 Lux (molecular fan coated heat-sink). Aside from those enhanced
performances, the molecular fan action can reduce the size and mass of heat-sink module
and thus offer a low cost of LED light unit

Figure 4.7 Heat dissipation measurements of Al heat sink (red) and MF coated Al heat sink
(blue): (a) LED lamp with heat sink, (b) surface temperature measurement of samples, (c)
temperature profile versus operation time and (d) illuminance versus operation time.

4.5 Conclusions
Cooling performance of different nanomaterials (CB, MWCNT, NDP, and Graphene)
dispersed in molecular fan formulations was investigated. The radiative cooling concept of
molecular fan was further applied to the effects of different coating conditions and substrate
applications. As seen in Raman spectra, for small sized MWCNT the cooling efficiency
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increased with decreasing size of dispersed nanomaterials this is in agreement with higher
quantization of energy. The trend in cooling efficiency increased with increasing the
nanomaterial loading. However, further increase in MWCNTs loading leads to a decrease
in cooling, where the aggregation of nanomaterials hinders the effective release of heat. An
increase in cooling efficiency was also observed with increasing thickness of the coating.
Conversely, a maximum cooling efficiency was reached at an ideal thickness. Once this
ideal thickness was surpassed a decrease in cooling efficiency was observed. This effect is
possibly due to a saturation effect where the heat starts to accumulate and the coating starts
to act as a heat insulator (i.e., self-heating). When molecular fan was applied on different
substrates, the radiative cooling effect was shown to be different, depending on the
emissivity and thermal conductivity of the substrates involved. As expected, the cooling
efficiency was shown to increase with increasing power input. It is shown that molecular
cooling action can reduce the manufacturing cost of a LED light module and substantially
lower the market price. Future work includes systematic alignment of carbon nanotube
composite to exploit their extremely high thermal conductivity along longitudinal axis
direction.
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CHAPTER 5
CORROSION INHIBITION AND HEAT DISSIPATION OF GALVANIZED STEEL
PANELS USING WATER-BASED NANOCOATING
5.1 Introduction
Galvanized steel sheets are very important metal which has been used extensively for
various applications such as automobile, construction, electronics, appliance parts,
electrical towers and many others due to low cost, high strength and great flexibility. In
addition, galvanized steels can be formed, welded and drilled for different applications.
Some galvanized steels like electrogalvanized steel sheet have been used for home electric
appliances like computers, refrigerators, air conditioning, heaters, etc. Most of those
appliances require thermal management to improve performance, reliability and durability.
Traditionally, different conventional cooling mechanisms like heat sinks, liquid coolants,
fluid exchange phase, and forced convection were used to solve thermal problems by
dissipating heat through conduction and convection. However, their bulk nature which
takes large space and their necessity for additional components like power supply and
mechanical fans made researchers to look for better thermal management solutions. In our
research group, we have previously reported ―Molecular fan‖ (MF) coatings for radiative
cooling,[1-4] by enhancing surface emissivity of coatings through an increase in lattice
quantization of active phonons assembled on the coating surface. As discussed in previous
chapters, an increase in lattice quantization involves incorporating carbon-based
nonmaterials such as carbon black (CB), carbon nanotubes (CNT), graphene, and
nanodiamonds powder (NDP) fillers to organic resins. Carbon-based nanomaterial have
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been reported to have excellent thermal conductivity, which makes them attractive for heat
transfers applications,[5-6] but they are mostly nontransparent when they are used as fillers
into coating formulations. For optically transparent coating applications, metal oxide
nanoparticles like zinc oxide (ZnO) and indium tin oxide (ITO) are ideal due to wide band
gap and uniform particle size. Zinc oxide nanoparticles in a polymer nanocomposite have
good transparency and a thermal conductivity that increases with temperature.[7] Therefore,
for optically transparent coating applications, we have investigated ZnO/polmer hybrid
nanocomposite coatings for heat dissipation performances.
Another important factor that comes into consideration when using galvanized steel is
corrosion protection. Corrosion is costly and dangerous. Billions of dollars are spent yearly
for the replacement and maintenance of corroded structures, components and many other
items.[8] Corrosion occurs as a result of an electrochemical process where differences in
electrical potential occurs between small area on the surface of metal involving a cathode,
an anode, and an electrolyte. Usually those differences in electrical potential occur due to
variations in steel composition/structure, uneven internal stresses, presence of impurities
and corrosive environments.[9-10] Galvanized steel resist atmospheric corrosion by forming
protective salt films like carbontate (3Zn(OH)2∙2ZnCO3), but depending on the
environmental conditions and situations that lead to the formation of soluble films, the
protection may not last long.[11] Galvanized steel surfaces can be corroded by rapid attack
on zinc, which may occur due to duration and frequency of moisture in contact, rate of
drying, atmospheric humidity and pollutant. Organic coatings have been widely used to
protect metal surfaces from corrosion [12-15] with their effectiveness depending on properties
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of the coating, metal substrate, pretreatment, and the application procedures. They provide
protection and extend life of underlying zinc coating by creating barrier layer against zinc
reaction with environmental agents or by the filler that provide active corrosion inhibition
in the coating. Organic coating alone on metal may lose protective properties due to
formation of local defects in course of operation on corrosive environment.[16] As a solution
to this problem, chromates have been used as efficient anti-corrosion pigments by creating a
passivation of substrate at the site of defect however,

their toxic nature[17-19] leads

researchers to seek environmentally friendly options. Many possible alternatives include,
chromate pigments pretreatments, conversion coating,[14, 20] rare earth salts and silane,[21-23]
and phosphatizing coatings[24-25] to name a few.
Our group previously reported and patented in situ phosphating coating (ISPC)[26-29] for
corrosion inhibition of magnesium alloys, aerospace primers, solvent-borne paints etc,
where optimum amount of in-situ phosphatizing reagent (ISPR) was pre-dispersed in to
parent paint system to form a compatible and stable coating formulation. A simultaneous
reaction with metal substrate by phosphate conversion and with polymer resin matrix by
strong covalent bonds provides corrosion protection for metal substrates without a need for
chromate and primer finishing steps. The main advantages of ISPC over the multi-step
coating practice can be summarized as follows:[28]
(1) It gives simplicity in the application of a single coat.
(2) It provides increased quality without extra expense for separate phosphating bath.
(3) It avoids any toxic waste products from the phosphating bath and waste treatment.
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In this work we report a transparent and nontransparent inorganic/organic hybrid coating
with a range of thickness from thin (3-5µm) to thick (~ 25µm), that have excellent heat
dissipation and enhanced corrosion protection for galvanized steels. The work is a
continuation to previous reported efficient heat dissipation coatings and their application on
different metal substrates. The coating composite was formulated by mixing a well
dispersed carbon nanotube and zinc oxide nanoparticles suspension in to acrylic resin
emulsion in presence of in situ phosphotizating agent. This newly developed coating is
environmentally friendly, with a range of applications for anti-finger print coating,
corrosion inhibition (ISPC) and heat dissipation (nanomaterial fillers).
5.2 Materials and methods
5.2.1 Materials
The water-based nanocomposite coating was formulated in two major steps. The first
one was synthesis of in situ phosphatizing reagent (ISPR) and the second one was
developing coating formulation by incorporation of nanomaterials suspension and ISPR
into polymer matrix.

For synthesis of ISPR, 1-methoxy-2-propanol (PM, 99.5+%),

tetraethyl orthosilicate (98%, reagent grade), and Phytic acid (50 wt% solution in water)
were

purchased

from

Aldrich

while

methyltri-ethoxysilane,

(3-

mercaptopropyl)trimethosysilane (Mercapto), and 3-glycidoxypropyltriethoxysilane were
purchased from Gelest, Inc. Milli-Q water with resistivity approximates 18 MΩ.cm was
obtained from our laboratory.
For coating composite preparation, waterbase polymer emulsions such as NeoCryl A6085, WorleeCryl 7120 (49% in water) and Alberdingk As 2688 VP were supplied from
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DSM NeoResins, Inc., Worlee, and Alberdingk Boley, Inc. respectively. Surfactant sodium
dodecylbenzene sulfonic acid (SDBS) and solvent propylene glycol butyl ether (PnB) were
purchased from Sigma-Aldrich, while nanomaterials such as carbon nanotube (<8nm, 2030nm and 50-80nm) and ZnO (99+%, 10-30nm) were obtained from Cheap Tubes, Inc. and
US Research Nanomaterials, Inc. respectively. Crosslinkers were bought from Cytec
Industries, Inc. Additives like Byk 348(surface) and Byk 024 (wetting) was purchased from
BYK Chemie, while Dow corning 67 additives was obtained from Dow Corning.
Galvanized steel panels, Hot dip galvanized steel (HDG) and electro galvanized steel
(EZG), were purchased from Advanced Coating Technologies, Inc. and two type of hot dip
galvanized steel sheets, GI (galvanized) and GL (galvalume), were obtained from Shanghai
Huahai steel co., Ltd. All chemicals were used without further purification or modification.
5.2.2 ISPR synthesis
ISPR synthesis procedure consist a number of steps and the reaction was carried on
solution of water: silane: alcohol with mole ratio of 1:4:4.

[30]

First 3-glycidoxypropyl-

trimethoxy silane and phytic acid were mixed separately in a beaker with 1-methoxy-2propanol by needle sonication method using Fisher scientific sonic dismembrator. The two
separate dispersions was further mixed in to one by sonication to a complete blend and
transferred into flux, and then refluxed until it turned yellow or gold color. In a separate
beaker, a mixture of mercapto, methyltriethoxysilane, triethoxy silane and 1-methoxy-2propanol was mixed by bath sonication for few minutes and in another beaker, 1-methoxy2-propanol and water were mixed the same way. These two solutions were further mixed by
adding the later drop wise to the first beaker in bath sonicator. At the end, the mixture was

111
added drop wise to the flux and refluxed for one hour. Then the solution was cooled at
room temperature and transferred into a container.
5.2.3 Composite coatings preparation
Suspensions were made by dispersing nanomaterial (MWCNT, ZnO) in water in
presence of surfactant by ultrasonication method. The resulting suspensions were
mechanically ground with steal beads in a mixture of acrylic polymer and a crosslinking
agent. After grinding for 90 minutes, separately mixed solvents of water, PM and PnB were
added to the composite. The mixture was ground to a complete uniformity for another 30
minutes. A few drops of Mercapto and a required amount of ISPR were added to the
mixture and ground for an extra 30 minutes. At the end, a few drops of Byk 348 and Byk
024 were added to assist surface tension and defoaming respectively.
The composite coating formulations were coated on galvanized steel panels by hand
held air spray gun and drawbar technique. Samples were air-dried for 10 minutes, followed
by thermal and/or UV curing at required curing schedule. A coating roll-rod (Industry Tech,
Florida) was used to apply composite coating on the panels. Prior to coating, the panels
were cleaned by Milli-Q water followed by 95% ethanol to remove any grease or oils that
may interfere with the coating adhesion.
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Table 5-1 Formulation materials, composition, and purpose

5.3 Instrumentation and characterization
Coating thickness was measured using DCN-900, a thickness gauge from Electromatic
Equipment Co., Inc. Heat dissipation measurement was done by temperature monitoring
instrument built in our laboratory (detailed information is reported in the chapter 2).[31]
Corrosion inhibition tests for the panels coated with different formulations, thicknesses and
other criteria were performed according to American Society for Testing and Materials
(ASTM) method B117. Detailed information on salt spray chamber is given in chapter 2.
Panels were placed at angle of 45 degree in a corrosion test cabinet (Type 411 ACD1,
Industrial Filter and Pump Mfg. Co.), with 35oC cabinet temperature, 95% humidity and
5% NaCl solution at a pressure of 16 psi. The samples were removed and inspected every
24 hrs. Adhesion of coating films to metallic substrate was assessed by ASTM D3359
(standard test method for adhesion of materials by tape test) standard. By applying and
removing pressure sensitive tape over cuts on the coating films, results were classified from
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5B (none of the square of the lattice detached and the edge of the cuts remains smooth) to
0B (squares are detached partly or wholly).
5.4. Results and discussion
5.4.1 Heat dissipation
Molecular fan requires enhanced emissivity of a coated surface and improved thermal
conductivity to transfer heat from the heat source to the surface of the coating. Coated films
should exhibit a well defined and quantized lattice motion, so that, when excited by heat
source to higher quantum states they emit an IR photon of energy upon decaying to ground
state. Molecular fan ―MF‖ with higher quantized phonon states has a longer radiative
relaxation time and thus higher heat dissipation efficiency. Figure 5.1 shows the
temperature profile versus operation time of a MF coated sample with 5 wt % MWCNT
loading on galvanized (GI) and galvalume (GL) steel with a thickness of ~ 0.7 µm (red line)
and ~ 1.4 µm (blue line) . The experiment was carried at input power of 40 W and cooling
efficiency (lowering of the equilibrium temperature) was measured relative to the uncoated
control panel (black line). MWCNT (8nm) dispersed MF coating with a coating thickness
of ~ 0.7 µm shows a cooling of 8 oC (9%) and 12 oC (13%) for GI and GL respectively. An
increase in thickness to ~ 1.4 µm, leads to 110C (13%) and 14oC (17%) cooling efficiency
for GI and GL respectively. The results show that with a very thin coating thickness the MF
formulation leads to more than 10 % cooling efficiency. The difference observed between
GL and GI possibly arises from the material difference and surface roughness. GI and GL
are different in way that the surface of steel is coated by metal alloy (Zinc, aluminum, etc).
GI often consists 60 to 90 % Zinc while GL is often use a metal alloy of 45% zinc and 55%
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aluminum. It is know that aluminum has a higher thermal conductivity compared to zinc
which makes GL a better heat conductor than GI. This may play central role in conducting
heat to the surface of the coating where active lattice motion absorb and release heat upon
excitation and relaxation. In addition to conductivity, the interaction of elements on metal
surface with the fillers, MWCNT and phosphatizing reagent could have effect in lattice
quantization of the coating. This could hinder the vibrational motion of the active functional
groups and may result to ineffective heat dissipation.

Figure 5.1 Temperature profile versus operation time measurement for MWCNT-MF
coated on GI and GL panels: (a) Control, (b) Coating thickness of ~ 0.7 µm, and (c) coating
thickness of ~ 1.4 µm.

As discussed in chapter 3, different nanomaterials lead to different cooling
performances. Based on the quantization of phonons, we have seen that cooling efficiency
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is in the order of graphene > MWCNT > CB > NDP. Figure 5.2 shows, the temperature
versus time profile of different nanomaterial (CNT, ZnO and NDP) MF coating on
galvalume (GL) panel. The experiment was carried out at input power of 40 W and coating
thickness of ~ 1.4 µm. A measurement of cooling on coated panels relative to uncoated
panels gave a performance of 14 oC (17%), 12 oC (14%) and 11oC (13%) for CNT, ZnO
and NDP respectively. Previous results with a coating thickness more than 25µm reveal,
MWCNT-MF coating had superior cooling efficiency compared to NDP-MF coating.
Although, NDP exhibits extremely high thermal conductivity (3000 W/mK) compared to
MWCNT (200 W/mK), MWCNT possess higher lattice qunatization than NDP.[2] In
addition to MWCNT-MF (non transparent coating), optically transparent MF-coating have
been studied using NDP and ZnO as fillers. ZnO-MF coating showed 1% higher cooling
efficiency in comparison to NDP as shown in Figure 5.2.
5.4.2 Role of in situ phosphatization reagent (ISPR)
In situ phosphatizing coatings (ISPCs) is a green chemistry technique developed and
patented in our research group. It is a one-step self-phosphating process, in which
deposition forms a dense interfacial phosphate layer that bonds strongly with metal
substrate, and simultaneously links with polymer top-layer by a covalent bond. It has
superior protective performance (adhesion and corrosion) over the current multi-step
coating practices. Phytic acid plays important role in the coating formulation as In situ
phosphatizing reagent, as a source of silane and as an acid catalyst. It was previously know
that silane coupling agents enhance corrosion resistance and adhesion through nanonetwork that forms between the metal substrate and organic interface.[28, 32-33]
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Figure 5.2 Temperature profile versus operation time measurement of MF coating loaded
with different nanomaterials on GL panel.
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The role of ISPR in molecular fan coating was studied in two kinds of galvanized steel,
namely, electrogalvanized steel (EZG) and hot dipped galvanized steel (HDG). They are
both steel panels coated with a layer of zinc through different methods. The
electrogalvanized panels were prepared by immersing steel panel in aqueous zinc mixture
in a controlled process that involves applying current to a panel to adjust the coating
thickness of zinc layer. On the other hand hot dipped galvanized panels were prepared by
dipping steel panels in a bath of molten zinc. HDG are usually thicker and therefore more
corrosion resistant than EZG. A MWCNT-MF (5 wt %) formulation were coated in both
EZG and HDG panels with a coating thickness of ~ 25µm. Samples were thermally cured at
130 oC for 10 minutes. Adhesion test using standard ASTM D3359 technique shows that
coatings with and without ISPR possess excellent adhesion (5B) to galvanized steel panels
(Figure 5.3 a). As mentioned above, acrylate polymers were selected based on adhesion to
metal substrate among other properties, and as a result, a good adhesion was obtained. The
result was sustained when ISPR was incorporated to the coating formulation (Figure 5.3 a,
III&IV). Incorporation of ISPR into the coating formulation didn’t affect the efficiency of
cooling obtained without ISPR (Figure 5.3 b).Temperature profile of cooling shows
coatings with and without ISPR result in ~ 20 oC cooling at input power of 50 W. The study
of ISPR on corrosion protection reveals that MWCNT-MF coating with 5 % ISPR has
superior corrosion inhibition as shown in Figure 5.4. The sample coated on HDG panel with
no ISPR showed complete corrosion with the coating barely attached to the metal substrate
after 144 hrs. In contrary, samples with ISPR showed a corrosion resistance up to 240 hrs,
where a minimum surface roughness was observed.
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Figure 5.3 Digital image of MWCNT-MF coating with and without ISPR: (a) (I) and (III)
are coatings without ISPR for HDG and EZG respectively while (II) and (IV) are coatings
with ISPR for HDG and EZG respectively. (b) Temperature cooling measurement of
MWCNT-MF coating on EZG panels.
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Figure 5.4 Salt spray tests for MWCNT-MF coating on HDG panel with and without ISPR:
(a) 0 hours without ISPR (b) 0 hours with ISPR (c) 144 hours without ISPR (d) 144 hours
with ISPR (e) 240 hours without ISPR and (f) 240 hours with ISPR.
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To improve the corrosion inhibition of nanomaterial acrylate polmer coatings, optimum
amount of in situ phophatizing reagent (ISPR) was dispersed in the formulation system (see
experiment) to form stable and compatible coating formulation. The amount of ISPR used
dictates the formulation stability and corrosion inhibition of the coating. Figure 5.5 shows
the effect of ISPR amount in corrosion protection. Coating with different amount of ISPR;
b (0% ISPR), c (2.4% ISPR), d (4.8% ISPR), e (7.0% ISPR) and f (9.1% ISPR) were
prepared and coated on hot dip galvanized steel (HDG) panel with ~ 25 µm coating
thickness. The coated panel had an ―X‖ scribed on them with 0.1 mm width and completely
expose the bare metal. Salt spray test showed that, coating with 7.0% ISPR exhibit little to
no corrosion until 360 hours, while coating Figure 5.5 b, c, and d showed field blisters and
white pits before 48 hours mark. Further increase in the amount of ISPR (9.1%) showed
inferior corrosion protection to 7.0% ISPR.
5.4.3 MWCNT loading effect on corrosion inhibition
In previous chapter we have reported that an increase in multiwalled carbon nanotube
loading from 1wt% to 5 wt% leads to an increase in cooling efficiency by 3 %. This result
is small compared to previously reported increase in cooling efficiency of 8% when
MWCNT loading increased from 0.4 wt% to 1 wt%. This is due to saturation of MWCNT
in the polymer composite which leads to inefficient dissipation of heat. It is vital to control
the amount of MWCNT in the polymer composite from reaching saturation where
MWCNT could stack together and hinder the vibrational release of heat to the surrounding.
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Figure 5.5 Role of ISPR amount in corrosion protection. MWCNT-ISPR coating on HDG
panel with MWCNT loading of 5 wt% and thickness of ~25µm. Salt spray result (a) No
ISPR, 0 hours (b) No ISPR, 48hrs (c) 2.4% ISPR, (d) 4.8% ISPR, (e) 7% ISPR, and (f)
9.1% ISPR.
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Few studies have been reported on the effect of the addition of MWCNT to epoxy
polymer coating for corrosion protection. Addition of MWCNT to epoxy polymer coating
has shown an increase in charge transfer resistance in comparison to control coating with no
MWCNT.[34] This indicates that MWCNT fillers enhance corrosion protection of organic
coatings. In addition a report in computational method based on molecular mechanics and
dynamics showed that high conductivity materials in polymer organic coatings led to a
more efficient corrosion protection.[35] In this work, we studied the role of MWCNT loading
on corrosion protection. Salt spray test was carried out for MWCNT-MF coatings with a
thickness of 1.4 µm and MWCNT loading of 1 wt% and 5 wt%. Figure 5.6 shows that
higher loading of MWCNT leads to a better corrosion inhibition. This phenomenon may be
related to different factors but it could mainly attribute to an increase in passivation of the
steel from environmental conditions. The condition may include water, O2, heat and also
charger transfer. Addition of MWCNT fills the microvoids that are often created during the
curing process in thin coatings. Therefore, an increase in MWCNT amount leads to create a
barrier to resist water and O2 from reaching the surface of metal. At the same time,
increasing MWCNT amount hinders charge transfer between small surface defects that
could act as cathode and anode for oxidation/reduction to occur. Generally, an increase in
MWCNT amount in composite coatings led to a decrease on effective area of metal
substrate exposed to the environment and hence corrosion.
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Figure 5.6 A MWCNT loading effect on corrosion inhibition, MWCNT with 1 wt% (a &
b), and MWCNT with 5 wt% (c & d).
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5.4.4 Crosslinkers effect and coating thickness
Waterborne acrylic polymers designed for a coating that require excellent corrosion
resistance at low film thickness were selected as host matrixes for nanocomposite coatings.
To understand the role of cross-linkers on corrosion inhibition, three water-based crosslinkers was screened and studied. Cross-linkers were selected based on compatibility to
host matrixes, chemical and water resistance, low temperature cure and formulation
stability. A previous study on the role of cross linker in corrosion prevention of materials
showed that cross-linkers enhance chemical durability and mechanical strength of epoxy
cross-linked with functionalized sol-gel coatings.[36] In addition, a nano-composite formed
from nano-ZnO incorporation to waterborne coatings reveals improved corrosion resistance
with an increase in concentration of ZnO nanoparticles.[37] In a salt spray test for 72 hours
to measure corrosion resistance, highly methalyted melamin cross-linker (Cymel 303) had a
better corrosion protection effect for this specific host matrix than high imino methylated
melamine (Cymel 325) and carbodilite (SV-02) cross linkers. From visual inspection,
transparent ZnO-MF coating formulation using Cymel 303 crosslinking agent showed less
than 5% rust (Figure 5.7f). Different effect of crosslinkers on corrosion inhibition could be
due to the number of reactive sites per cross-linker that result in variation of coating
morphology. In this specific work, the effect primarily arises from types of amine available
for reaction that result in different epoxy-amine crosslinking morphology.
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Figure 5.7 Crosslinkers effect for corrosion inhibition of a transparent ZnO coating with
less than 1µm coating thickness, where a & b are coatings with cross-linker SV-02 (0 and
72 hours of salt spray test respectively), c & d are Cymel 325 and e & f are Cymel 303.
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To analyze role of coating thickness in corrosion inhibition, transparent ZnO-MF
coating samples with thickness of ~0.7 µm and ~ 1.4 µm were prepared and evaluated. The
study was carried out for all three cross-linkers and all samples were thermally cured at 130
o

C for 10 minutes. As shown in Figure 7, doubling the coating thickness from ~0.7 µm to ~

1.4 µm enhanced corrosion protection for all three cross-linking agents. It is well
understood that an increase in polymer coating thickness leads to an increase in corrosion
resistance by delaying a contact of electrolyte with the metal surface. This can be explained
in two ways: (1) The coating acts as a barrier for ions leading to an extended diffusion to
metal layer, and (2) The coating blocks ionic paths between anode and cathode along metalpolymer interface. Nonetheless, an increase in coating thickness can decrease mechanical
properties such as scratch resistance. For our coating formulations, we showed that the
coating had high scratch resistance up to 25µm coating thickness. In addition, an increase in
coating thickness raises the amount of Zn presence on the surface of metal substrate which
in turn enhances corrosion protection. Again, from Figure 8f, it can clearly be seen that
samples prepared using Cymel 303 had superior corrosion protection compared to the other
two crosslinkers.
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Figure 5.8 Salt spray tests for ZnO-MF coating with different crosslinking agents and
thickness. SV-02 with coating thickness of ~0.7µm (a) and ~1.4µm (b); Cymel 325with
coating thickness of ~0.7µm (c) and ~1.4µm (d); and Cymel 303 with coating thickness of
~0.7µm (e) and ~1.4µm (f).
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5.4.5 The effect of curing temperature on corrosion inhibition
In coating production systems, the processing step is pivotal in determining the quality
of the final product. From the processing step, curing mechanism and kinetics are vital in
determining the network morphology, which defines the physical and mechanical properties
of the final coating.[38] Therefore, studying curing kinetics and controlling the curing
process is necessary to optimize the processing time and the properties of the final product.
The effect of cross-linker on corrosion protection of organic-inorganic hybrid coating is
dependent on curing temperature among other factors. Curing process is governed by
temperature and time that could lead to dramatic change in the property of the final product.
Figure 5.9 shows 72 hours spray test result for ~1.4µm thick, nontransparent MWCNT-MF
coating with two different curing schedules. High temperature (200 oC) and short time (13
seconds) curing schedule shows less corrosion protection compared to low temperature
(110oC) and longer time (3 minutes) curing schedule. For an industrial production
perspective, high temperature and short curing time schedule are more desirable but they
often lead to ineffective corrosion protection as well as weak chemical and physical
resistance.
In summary, we carried out a corrosion protection study with optimum amount of ISPR
(7 %) in a transparent (ZnO-MF) and nontransparent (MWCNT-MF) coatings. Samples
were prepared with nanomaterials loading of 5 wt% and applied to GI panels with draw bar
6 (1.4 µm) followed by thermal curing at temperature of 110 oC for 3 minutes. As shown in
Figure 5.10, both transparent and nontransparent coating exhibit corrosion resistance up to
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72 hrs. Taking the thickness of coating in to consideration, 72 hrs with no noticeable
corrosion is believed to be sufficient result for GI and GL panels.
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Figure 5.9 Salt fog tests for MWCNT-MF coating based on different curing schedule. A
curing temperature of 110 oC for 3 minutes (0 hrs (a) and 72 hrs (b)) and a curing
temperature of 200 oC for 13 seconds (0 hrs (c) and 72 hrs (d)).
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Figure 5.10 Salt spray tests for transparent (ZnO) and nontransparent (MWCNT) coating
with 7 % ISPR on GI sheet. A ZnO coatings at 0 hours (a) and 72 hours (b) ; and a
MWCNT coatings at 0 hours (a) and 72 hours (b).
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5.5 Conclusions
The innovative technique of in situ phosphatizing coatings (ISPCs) has been
successfully incorporated to molecular fan formulation for thermal management and
corrosion protection applications. Based on salt spray result, molecular fan coatings with 7
% ISPR exhibit sufficient corrosion protection for GI and GL panels in 72 hours time
frame. In addition, heat dissipation unit measurement shows 9% and 13% temperature
cooling efficiency for GI and GL panels respectively with the same coating thickness of
~0.7µm. An increase in nanomaterials loading (MWCNT) seems to increase the corrosion
resistance of the metal substrate. Furthermore, we have demonstrated that cross-linkers play
an important role in corrosion inhibition. Based on curing schedule and polymer
compatibility, cross-linkers enhance corrosion protection as well as chemical and physical
resistance of the coating.
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CHAPTER 6
UV AND NIR CUT COATINGS
6.1 Introduction
For the past few decades, advancement in nanotechnology has allowed scientists to
utilize nanomaterials for numerous applications. For example, in areas of coating and thin
films, nanotechnology has been used to improve properties such as scratch resistance, antigraffiti, self-cleaning, conductivity and UV protection.[1-4] A common type of
nanotechnology technique used in coating industries include systematic incorporation of
nanomaterials into polymer matrix using dispersion or sol-gel methods. The development of
polymer-based composites, with optical properties such as high/low refractive index, high
visible transparency, strong optical nonlinearities and/or tailored absorption/emission
properties draws huge interests for optically transparent ultra-violet (UV) and near-infrared
(NIR) cut coatings.[5-7]
Recently, there is a growing demand to filter out solar UV and NIR radiation from
housing and automotives windows to fulfill energy-saving and environmental preservation
requirements.[8] From about 1000 W∙m-2 of the incident solar irradiation that reaches the
earth surface, 55 % is infrared light, 45 % is visible light and 5% is ultra-violet radiation.[9]
UV radiation is also classified into three bands namely UV-A (320-400nm), UV-B (280320nm) and UV-C (100-280nm), but the majority of the solar UV lies in UV-A range. The
energy of the phonons in the UV region (290-400nm) is sufficient enough to break
chemical bonds in organic-based materials and result in material degradation.[10-11] In
addition, with depletion of ozone layer, an intense UV irradiation reaching the earth surface
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results in human skin damage. Beside UV damage, infrared light in the range from 7001100 nm are the main source of heat on the earth surface.[12]
Traditionally, practical solutions for NIR filters include conventional heat-absorbing
glasses, sputtered-coating glasses and heat reflecting glasses. However, they have been
limited in market due to low productivity and high cost.[8] Recent developments in
nanotechnology provide a potential low-cost and high production of solar filters, along with
high optical transparency. Transparent oxide nanomaterials such as tin-doped indium oxide
(ITO)[13] and antimony-doped tin oxide (ATO)[14] have been shown to absorb infrared rays
by surface Plasmon polaritions of free electron.[15] However, both ITO and ATO absorb
beyond 1100 nm, hence they are not suitable for solar filter coatings. In addition, lanthanum
boride (LaB6) nanoparticle dispersion coatings have been suggested as possible fillers for
NIR filter,[16-17] but they have noticeable transparency problems in the visible region. In this
chapter, we tried to formulate coating with ITO and some NIR-absorbing organic dyes but
the result was not satisfactory for the above mentioned reasons as well as instability of
organic dyes in polymer based coatings. Further study on synthesis of NIR-absorbing
nanomaterials and their application in solar filter coating will be discussed in the coming
chapter 7.
For UV filter coatings, titanium dioxide (TiO2)[18] and Zinc oxide (ZnO)[19] are the most
commonly used fillers for UV-shielding applications. ZnO nanoparticles have unique
properties such as strong absorbance in the UV region and high transparency in the visible
region. Recently, a great deal of research was focused in developing polymer/ZnO
composite coating for UV filter coatings. Self-supported ZnO-polystyrene nanocomposite
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thin films prepared by a solution casting approach exhibited excellent UV absorption and
high transparency in the visible region.[20] In other reported work, ZnO/epoxy (EP-400)
nanocomposites prepared using in situ polymerization method revealed high transparency
in the visible region.[21]
Currently our research group is engaged in developing UV and NIR light cut coating
formulations for architectural and automotive windows. UV cut coatings are designed to
provide protection from harsh solar UV radiations that may cause damage to human skin
and deterioration of material properties. On the other hand NIR cut coatings are designed to
provide indoor comfortability as well as minimizing energy consumption of air conditioners
by controlling excess heat gain or loss inside buildings and automobiles. The project
focuses on achieving a coating formulation that specifically shields UV radiation (< 400nm)
and NIR radiation (780 – 2800 nm) while optically transparent (> 90%) in the visible
region. To achieve this, we have investigated systematic incorporation of nanomaterials
into environmentally friendly water-borne coating formulations. Nanomaterials, owing to
their small aspect ratio, have excellent optical properties that make them attractive
candidates for optically transparent functional coatings.
In our study, we carried out two types of nanomaterial incorporation into host matrix:
(1) dispersion method, where nanomaterials are dispersed into composite (polymer resins)
by sonication method followed by mechanical grinding; and (2) by using sol-gel synthesis
method. Dispersion and stability is important factor in achieving high transparency in
polymer nanocomposite coatings. Most industrial-scale nanoparticle synthesis methods
yield powders that are either weakly or strongly agglomerated.[22] Deagglomeration of
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nanoparticles down to a size that represents the individual nano-crystals is essential to
obtain high transparency, high reliability and high strength in coating formulations. The
most common technique to break aggregation includes high-shear mixing, milling and
ultrasonication processes. High-shear mixer uses a rotor or impeller to disperse
nanoparticles into a continuous phase (liquid) to make emulsion or suspension. Milling is
simply a process of breaking solid materials in to smaller particles. In research laboratories
and industries, fine bead milling is widely used to deliver an efficient way to disperse
nanomaterials.[23] The other common method that is widely practiced in research
laboratories is ultrasonication method. The method uses ultrasonic waves generated by
ultrasound probe to break particles suspended in liquid. In sonication methods it is always
important to consider temperature generated, sonication time, operation mode, and sample
volume and concentration. Those parameters greatly affect the suspension of nanoparticles
and its stability. In this project, nanoparticles suspension was prepared using ultrasonication
method while the polymer nanocomposite was formulated by drill press in the presence of
steel beads. Beside deagglomoration process, stability of nanoparticles in host matrix is
pivotal to insure high transparency. If nanoparticles are not stabilized when dispersed into
polymer composite, inter-particle forces like van der Waals, double layer (electrostatic),
and steric (polymeric) forces may induce the formation of large clusters that lead to
flocculation or aggregation. The most common stabilization methods based on the cause of
inter-particle forces are adsorbing surfactant on the surface of nanoparticle[24] or creating an
electrical double layer[25] at the solid-liquid interface (Figure 6.1).[22]
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Figure 6.1 Schematic illustrations of nanoparticles stabilization mechanisms.[22]

In a separate study for UV cut coating, we have successfully formulated UV-shielding
coatings with more than 90% UV absorption and 90% transmission (visible) using ZnO
nanoparticles dispersion. Coating prepared using TiO2 polymer composite have less
stability and lower visible light transparency compared to ZnO-polymer composite coating.
For NIR cut coating, ITO polymer composite coating show high transparency but their
absorption does not cover a large part of the infrared light of solar radiation (700-1500nm).
On the other hand, lanthanum boride composite coating exhibits very low transparency
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along with low stability in the selected polymer matrix. Organic dyes, IR806 and NIR911A
were investigated for NIR cut coatings but they had insufficient narrow absorption in the
infrared region.
6.2 Materials and experiment
6.2.1 Materials
All chemicals were used without further purification. UV-absorbing nanomaterials, zinc
oxide (ZnO, 99 +%, 10-30nm) and titanium oxide nanopowder (TiO2, anatyse 99+%, 1025nm) were purchased from US Research nanomaterials, Inc. NIR-absorbing materials,
indium tin oxide (ITO, 99.5%, 17-28nm) and lanthanum boride (LaB6, 99.5%) were
obtained from Alfa-Aesar while organic dyes, IR806 and NIR911A were purchased from
Sigma Aldrich and QCR Solutions Corp. respectively. Polyvinylpyrrolidone (PVP),
ethylene glycol butyl ether (butylcellosolve, 99.5%), ethanol (99%), 2-methoxypropanol,
and

dimethyldiethoxysilane

triethoxysilane

was

were

purchased

purchased
from

from

Alfa

Sigma-Aldrich.
Aesar.

Coupling

(2-cyanoethyl)
agent

3-

mercaptopropyltriethoxysilane (Mercapto) was purchased from Gelest. Waterborne acrylate
(AC 2514) and polyurethane (U911) were supplied from Alberdingk Boley Inc. Abrasion
resistant water borne polyurethane (L-2857) and wetting agent (Q2-5211) were supplied
from Hauthaway and DOW CORNING. Cross-linker (Cymel 303-LF) was obtained from
Special Chem. for coatings and inks. Additives for surface tension and defoaming such as
BYK 348, BYK 333, and BYK 024 were supplied by BYK Chemie. Rheology modifier
additive, DSX 1550 was donated by Cognis (currently BASF). Milli-Q water with a
resistivity of 18.2 MΩ∙cm was used in all the formulations.
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6.2.2 Experimental
In the first approach, nanoparticle/polymer emulsion was prepared by dispersion
method. First, suspension of nanoparticles was prepared using ultrasonication process.
Certain amount of functional nanofillers (ZnO, TiO2, ITO, or LaB6) or organic dyes (IR806
or NIR911A) were dispersed in a homgenous mixture of water, butylcellosolve and PVP.
Fischer scientific sonic dismembrator with 20 KHz output frequency was used at 30 %
amplitude for 2 minutes to uniformly disperse fillers into the mixture. In a separate
container, a polymer composite containing a low viscous acrylate (AC 2514), a low viscous
aliphatic polycarbonate-polyurethane (U-911), a super-wetting agent (Q2-5211), a waterborne polyurethane (L-2857), and a cross-linker (Cymel 303-LF) resin were measured and
ground by drill pass for 30 minutes in presence of 30 g steel beads. The suspension was
then transferred to the emulsion mixture and ground for another 30 minutes. Co-solvents
were

prepared

separately

by

magnetic

stir

mix

containing

2-methoxypropyl,

dimethoxydiethoxysilane and mercapto, and added drop wise to the mixture. Solvent
mixture of water and 2-methoxypropyl was separately prepared and added to dilute the
emulsion mixture. The whole mixture was ground for 20 minutes before additives such as
BYK 348 and BYK 024 were added to avoid surface tension and foaming respectively.
Finally, the steel beads were separated and the emulsion was mixed and deaerated using
Thinky mixer model ARE-250. Samples were coated on microscope slides using the draw
bar method.
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Table 6-1 Formulation materials, composition, and purpose

In the second approach, we used the sol-gel synthesis method. A sol-gel mixture of 2methoxypropyl (6 g), 2-cynoethyltri-ethoxysilane (1 g) and dimethyl diethoxysilane (3 g)
was mixed together using bath sonication for 30 minutes. In a separate container, water (6
g) and 6 grams of ethylgycolbutylether was stir mixed for 10 minutes. The later was added
to the first while sonication was still going on. PVP (1 g) was added to the above mixture
slowly while watching the homogeneity of the solution. After the surfactant was completely
dispersed, the required amount of functional nanoparticles was added to the mixture in
batches very slowly. The sonication was continued until a complete homogenous solution
was obtained. The solution was then transferred to composite matrix composed of Acrylic
host matrix (AC-2514), polyurethane (U-911), abrasion resistant polyurethane (L-2857) and
corsslinker (303-LF). The mixture was mechanically ground with steel beads (30 g) for 30
minutes. The solution was then diluted with separately prepared solvent mixture of water (6
g) and 2-methoxypropyl (5 g). Finally, property enhancing additives such as BYK 348 ( 10
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drops, surface tension), BYK 192 ( 10 drops, defoamer) and DSX 1550 ( 3 drops, rheology)
were added accordingly. Finally, the steel beads were separated and the emulsion mixed
and deaerated using Thinky mixer model ARE-250.
6.3 Results and discussion
6.3.1 Suspension
As discussed in the introduction, successful implementation and optimized ultilization
of nanoparticle fillers into optically transparent coating products requires effective
dispersion and stabilization techniques. Nanoparticles often agglomerate to form either
clusters or secondary particles to minimize the total surface energy. Therefore, it is very
important to integrate particles into polymer matrix as isolated particles in order to preserve
their functional properties. One of the most successful routes to avoid agglomeration of
nanoparticles in organic resins is based on nanoparticles pre-disperssion in various solvents.
For this purpose, ultrasonication method was followed to prepare aqueous suspension with
different surfactants and polymers. Inorganic nanoparticles such as ZnO, TiO2, and ITO are
hydrophobic; therefore their surfaces have to be functionalized for stable dispersion in
water-based matrix. Surfactants have been extensively used for dispersion of inorganic
oxide nanoparticles via noncovalent approach, in which they are absorbed onto nanoparticle
surface, rendering them soluble in aqueous and organic solvents.
For this work, nanoparticles dispersion and stability have been studied in wide variety
of water-soluble surfactants such as polyvinylpyrrolidone (PVP), sodium dodecyl sulfate
(SDS, anionic), Zonyl FSA fluorosurfactant (anionic) and Zonyl FSN fluorosurfacttant
(nonionic). High molecular weight polymers like PVP are excellent dispersant for inorganic
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oxides in aqueous solution,[18, 26] as they bind to polar molecules exceptionally well. PVP is
also highly transparent, which makes it attractive for optical coatings. Sodium dedecyl
sufate (SDS) is another highly effective anionic surfactant in aqueous solutions.[27]
Furthermore, water soluble fluorosurfactant such as Zonyl FSN and Zonyl FSA have been
investigated here for dispersion of nanoparticles. Zony FSN is ethoxylated nonionic
fluorosurfctant that can modify surface energy at very low concentration while Zonyl FSA
is lithium carboxylate anionic fluorosurfactant with particular effect on lowering surface
tension. As shown in table 6.1, PVP exhibits better performance in stabilization ZnO and
ITO, with stability that goes for more than a week. Lanthanum boride shows instability in
aqueous solution, even in presence of dispersant. For this matter and also low transparency
in the visible region, we disregard LaB6 as filler for NIR absorption. Compared to TiO2,
ZnO exhibits better stability in aqueous solution. In addition, ZnO dispersed optical coating
show a better UV-shielding compared TiO2. Therefore, ZnO nanoparticles were selected as
UV absorbers in UV cut coating application.

Table 6-2 Dispersion stability of UV and NIR absorbers with different surfactant.

Key: Where 1, 2, 3, and 4 stands for very stable (more than a week), stable (few days),
unstable (stay few hours) and very unstable (settles right away) respectively.
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Nanoparticle suspension was incorporated into the host composite as stated in the
experiment section. Most of the coatings investigated in this report were prepared using
dispersion technique (the first method). Sol-gel technique showed short pot life and gel-up
in three to five days. In comparison, the dispersion technique showed longer pot life that
stayed for more than a month without any noticeable particle settlement.
6.3.2 UV cut coatings
In comparison to other UV-absorbing fillers, Zinc oxide have several advantages such as
non-toxicity, low material cost, chemical stability, abundance, and high transparency in the
visible and infrared region.[28-29] Moreover, ZnO had lower reported refractive index (n)
2.02 compared to other UV-absorbing nanoparticles such as TiO2 (anatase, 2.54) and CeO2
(2.2). This makes ZnO nanoparticle more closely compatible with polymer composite
which has refractive indices in between 1.3 and 1.7. Figure 6.2 shows percent transmittance
spectra of UV cut coating prepared by dispersing ZnO with and without PVP. The effect of
dispersion and stability in the coating can be clearly seen in the transparency (visible
region) and absorption (UV region). UV cut coating prepared with PVP functionalized ZnO
nanoparticles (blue) exhibited high transmission in the visible (> 80%) and excellent
absorption in the UV region (up to 380 nm) compared to UV cut coating prepared without
PVP (red). Homogenous dispersion of nanoparticles plays critical role in determining
rheology and light-scattering behavior of nanoparticles in optical coatings. It has been
reported that reflectivity and scattering affect the transmittance of films composed of ZnO
nanoparticles with different size and refractive indices.[22] Small deviation in the particle
size (r) leads to large changes in scattering (αscat.) which is given by αscat = r6. This affects
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transmittance of the coating dramatically. As shown in Figure 6.2, the spectrum implies that
ZnO nanoparticles with no-PVP leads to aggregation and particle size becomes bigger.
This results in low transmittance in the visible region due to light scattering.

Figure 6.2 UV-Vis transmittance spectra of UV cut coating (ZnO) with and without
surfactant (PVP).

As shown in Figure 6.3, the amount of nanoparticles incorporated has effect on the
absorption as well as transmission of the light. The blank sample (red) showed transparency
as high as the microscope slide (black) which confirmed the host matrix had excellent
transparency in the visible region. Furthermore, the samples prepared with 1 wt% ZnO (1 g)
tended to show high transparency but low absorption in contrast to the sample prepared
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with 2 wt% ZnO (2 g). The ultimate absorption (UV) and transmission (visible) can be
obtained by manipulating the amount of ZnO incorporated with right amount of surfactant.

Figure 6.3 UV-Vis transmittance spectra of UV-cut coating with ZnO amount of 1g (blue)
and 2 g (green).

The other parameter that can be manipulated to achieve a better performance is a coating
thickness. UV cut coating samples were prepared by dispersing 1 wt% ZnO into the
polymer matrix. Samples with one (blue line) and two (red line) layers of coating were
applied on a microscope slide using draw bar number 6 (~ 1.7 µm). As seen in Figure 6.4,
the percentage transmittance spectrum can be lowered or raised as whole (UV and Visible
region) based on the coating thickness. The effect is the same in both UV and Visible
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region because an increase in thickness will equally affect the overall amount of ZnO and
polymer matrix in the coating.

Figure 6.4 UV-Vis transmittance spectra of UV cut coating (ZnO) with different coating
layers (thickness).

6.3.3 NIR cut coatings
Effective shielding of near infrared light above 750 nm is the ultimate aim of solar
radiation-shielding coatings. As discussed in the introduction, inorganic nanoparticles and
organic dyes have been suggested and used to selectively shield NIR light. In this work, we
have investigated NIR-shielding applications by incorporating commercially available NIR
absorbing nanoparticles and dyes into polymer matrix. Inorganic samples like LaB6 and
ITO, and organic dyes like IR806 and NIR911A were studied. Lanthanum boride
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nanoparticles tended to show less stability in the host matrix and settled within a day or
two. Furthermore, LaB6 showed less transparency compared to indium tin oxide (ITO)
nanoparticles in the visible region. For this matter, this study was more focused in ITO and
organic dyes.
Transparent conductive oxides materials like ITO reflect IR radiation while maintaining
high transparency in the visible region. Commercially, the most common NIR-shielding
materials is ITO. NIR-shielding ITO provides high visible light transparency, high infrared
reflectivity, and high thermal stability.[30] Most currently available methods for preparation
of ITO are physical and chemical vapor deposition, electron beam evaporation and
magnetron sputtering, which are expensive and require vigilant attention.[31] Their optical
properties are highly dependable on the deposition methods and conditions. In this work,
we investigated incorporation of ITO (1 wt%) in polymer matrix using the dispersion
method. ITO particles with outer diameter of 17-28 nm were dispersed using
ultrasonication method in presence of PVP. As indicated in Figure 6.5, the transmittance
spectra shows high transparency in the visible region (> 90%) but low absorption in the
NIR region is observed. The result is in agreement with the work reported in that ITO starts
absorbing beyond 1500nm while the solar radiation mainly lies in between 750 to 1500nm.
For this reason, we concluded that ITO was not ideal for solar radiation-shielding
application.
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Figure 6.5 UV-Vis-NIR transmittance spectra of NIR shielding coating (ITO).

NIR-absorbing organic dyes account for the most-known NIR materials, with
application in many technological sectors. For the last few decades, the interest in NIRabsorbing dyes was in areas such as optical recording, thermal writing displays, laser
printers, laser filter, infrared photography and medical application.[32] We have investigated
heat shielding application by dispersing organic dyes into the polymer matrix. NIR cut
coating formulation was prepared by incorporating 0.01wt% IR-806 and 0.2 wt% NIR911A
dyes in to polymer coating. As shown in Figure 6.6 and Figure 6.7, transmittance spectra
shows narrow picks at 825nm and 800-1000 nm for IR-806 and NIR911A polymer coatings
respectively. The NIR-shielding is not efficient in both the dye/polymer composite
coatings. Furthermore, both organic dyes are very unstable in the polymer matrix in which
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their original color disappears overnight. The instability of dyes may arise from a possible
reaction between functional groups of the dyes and host matrix. This leads to variability in
properties of organic dyes in the organic coating, and becomes transparent in the NIR
region. In addition, the cost of the organic dyes is extremely high (~$253.1/gram) which
makes them not feasible for coating applications.

Figure 6.6 UV-Vis transmittance spectra of NIR shielding coating prepared with IR-806
dye.

153

Figure 6.7 UV-Vis-NIR transmittance spectra of NIR-shielding coating prepared with
NIR911A dye.

6.4 Conclusions
UV-cut coating with excellent absorption up to 380nm has been achieved through ZnO
nanoparticles incorporation. The formulation shows high stability that extends beyond a
week with help of polyvinylpyrrolidone (PVP) encapsulation of the nanoparticles.
Dispersion and stability have shown positive effects in UV-shielding as well as in optical
transparency in the visible region. By manipulating ZnO loading amount, and coating
thickness, a better UV-shielding performance can be achieved. In general, NIR-shielding
coating prepared by employing inorganic and organic pigments was not satisfactory.
ITO/Polymer coating showed absorption that extended beyond 1500 nm, which is not ideal
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for solar radiation-shielding applications. Moreover, NIR cut coating prepared by organic
dyes showed a very narrow NIR absorption. In addition, they are very unstable and
expensive. This work is continued in chapter 7, focused on synthesis of NIR-absorbing
inorganic nanoparticles.
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CHAPTER 7
SOLVOTHERMAL SYNTHESIS OF NIR-ABSORBING CsxWO3 NANORODS BY
BENZYL ALCOHOL ROUTE
7.1 Introduction
Pervoskites compounds have been widely studied because of their interesting chemical,
electrochemical, and electronic properties. They are adapted to a number of applications
such as nonvolatile memories, photoelectrochemical cells, thin-film capacitors, and nonlinear optics.[1-4] Recently, there is a growing interest of using near infrared (780 – 2500nm)
absorbing pervoskite materials in solar heat-shielding applications. Tungsten trioxide
(WO3) possesses a wide band gap that ranges from 2.6 to 3.0 eV[5-6] and they are transparent
in visible and near infrared (NIR) light. However, a strong NIR absorption property could
be achieved using systematic induction of free electrons into WO3 crystal by ternary
elements addition.[7-8] In recent studies , the nanosized metal doped tungsten oxides
(MxWO3, where 0.1<x< 1), termed as tungsten bronze, has emerged as a promising material
for numerous applications such as solar heat shielding,[8-9] electrochromic devices,[10] and
biomedical study.[11] Cesium tungsten bronze (Cs0.33WO3) among other metal tungsten
bronze nanoparticles have shown an excellent absorption in near infrared (NIR) spectral
region (700-3,000nm) with high optical transparency in the visible spectral region (380700nm).[8-9,12] Tungsten bronze provides a superior NIR absorption in comparison to other
transparent conductive oxides, such as tin-doped indium oxide (ITO), antimony doped tin
oxide (ATO), and non-transparent deeply colored lanthanum hexaboride (LaB6).[13-15] The
reasons behind the origin of remarkable near infrared (NIR) absorption by CsxWO3 (x =
0.15,0.25, and 0.33) as well as WO2.72 was investigated using Mie scattering theory by
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Adachi et al.[14] They reported that the localized surface plasmon resonance and polarons of
localized electrons contribute to NIR absorption of cesium tungsten bronze nanoparticles.
In recent years, NIR shielding Cs0.33WO3 had been synthesized mainly by two methods;
solid state reaction,[8,14-15] and high pressure wet-chemical routes (solvothermal and
hydrothermal).[9-10, 12, 16-17] Other reported synthesis methods include, stirred bead milling
process[11] and inductively coupled thermal plasma technology.[13] The widely used,
traditional solid state reaction method requires high temperature and harsh reaction
conditions. The size of nanoparticles is often not well controlled and the synthesis method
requires extra steps which become more tedious for large scale production. Furthermore,
the reported low reaction temperature methods like hydrothermal and solvothermal
processes require long reaction time (usually more than 20 hours) to obtain homogenous
CsxWO3 nanorods.
To address the above mentioned synthesis challenge, we have proposed and studied
synthesis of CsxWO3 nanoparticles with short reaction time solvothermal process. To
achieve a short synthesis time, a solvothermal method based on “benzyl alcohol route”,[1819]

was followed as an attractive approach for growth of nanoparticles in presence of small

percentage of fatty acid (oleic acid). Previous works on synthesis of metal oxide nanocrystals have shown that benzyl alcohol is a versatile solvent and reactant for controlling
crystallization and stabilization.[20-22] The presence of long chain surface capping agent,
fatty acids can provide good solubility and stability of nanoparticles in the solvent.
A novel process of utilizing a 2 hrs solvothermal method for facile synthesis of CsxWO3
nanorods is realized. This process gives high crystallinity, high nanoparticle stability, and
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successful size and shape control. Synthesis of hexagonal cesium tungsten oxide
nanoparticles with different oleic acid amounts, different reaction times, and different oven
temperatures were carried out. The particle size and distribution, structure and morphology,
stoichiometric composition and optical properties of CsxWO3nanorods were characterized
by different analytical and physical techniques.
7.2 Experimental
7.2.1 Materials
All chemicals were used as received without any further purification. Tungsten (VI)
chloride (WCl6, ≥99.9% trace metals basis), cesium hydroxide (CsOH∙H2O, ≥90%), and
triton X-100 (solution, 10% in H2O) were purchased from Sigma-Aldrich. Benzyl alcohol
(C6H5CH2OH, 99%), and oleic acid (C18H34O2, laboratory grade) were obtained from
Fischer Scientific. Ethyl alcohol (200 proof, anhydrous ACS, USP grade) was purchased
from Pharmco-Aaper. E-pure de-ionized (DI) water (18.2 MΩ cm) was obtained from a
Millipore Milli-Q system in our laboratory.
7.2.2 Synthesis
Cesium tungstate precursor samples were prepared as follows: a 0.62 g of WCl6 was
dissolved in 40 ml of anhydrous benzyl alcohol with a magnetic stirrer to give a yellowish
solution. In a separate beaker, a 0.08 g of CsOH∙H2O was dispersed in benzyl alcohol (30
ml to 16 ml, depending on the amount of oleic acid used) using a sonic dismembrator
(Fischer scientific, 20 KHz output frequency). Sonication was performed

at 30 %

amplitude for 2 minutes with on/off pulse of 5 seconds. The cesium hydroxide solution was
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then added to the tungsten chloride solution drop wise to give a light brown solution. After
the solution became homogenous under rapid magnetic stirring for 15-20 minutes, a 0 20% oleic acid of desired percentage (corresponding to 0 ml, 3.5 ml, 7.0 ml, or 14 ml) of
total volume of solvent was added and stirred magnetically for another 10 minutes. The
reaction mixture was sealed in Teflon-lined stainless steel autoclave and heated inside an
oven at a desired temperature (180oC to 240oC) for a specified reaction time (2hrs to 8hrs).
After natural cooling at room temperature, a dark blue precipitate was obtained and washed
four times with anhydrous ethanol (95%) and water. Then, the resulting solid was vacuum
dried overnight at 80oC.
Dispersion study of sample was conducted in water and ethyl alcohol. A 0.03g of
CsxWO3 nanorods was suspended in 10 ml deionized water and anhydrous ethyl alcohol at
concentration of 3.0 mg/ml and then a small amount of triton X-100 solution was added as
a dispersant to the ethyl alcohol solution. Probe sonication was carried out for 90 seconds at
20 kHz, 30% amplitude, and 5 seconds on-off pulse to aid mixing and forming homogenous
dispersion.
7.3 Instrumentation and characterization
Detailed information on the instrumentation and procedure for most instruments are
given in Chapter 2. Briefly, the crystal structure of the powder samples has been analyzed
by Miniflex X-ray diffractometer (XRD) using Cu-Kα radiation. A Hitachi H-600 TEM
(transmission electron microscope) with 100 KeV potential was used to analyze the
crystallinity and morphology of CsxWO3 nanorods. A high-resolution TEM (HRTEM) was
used to analyze nanorods growth direction, lattice spacing and structure. Compositional and
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elemental study was performed with liquid nitrogen-free standard energy-dispersive X-ray
spectroscopy (EDX) detector (Oxford Instruments). Transmission/absorption measurements
were carried out using Varian Cary 5E UV-Vis-NIR spectrophotometer with a wavelength
range from 175 to 3,300 nm. Dynamic light scattering (DLS) was used to determine size
distribution of CsxWO3 nanoparticles dispersed in deionized water.
7.4 Results and discussion
7.4.1 Synthesis and dispersion of CsxWO3 nanorods
One of the major challenges in nanoparticle synthesis is developing rational strategies to
control size, shape, stoichiometric composition, and structure. In nonaqueous solution
routes to metal oxide nanoparticles, like the solvothermal process, the role of organic
solvent is important in obtaining single-phase products. Benzyl alcohol as solvent has
shown an attractive reaction approach for synthesis of homogeneous ternary, multi-metal
and doped oxide nanoparticles.[19, 23-24] It acts as a solvent, ligand and reactant in dissolving
precursors, determining reaction pathways, and forming metal oxide respectively. In this
work, cesium hydroxide and tungsten chloride were used as the source for Cs and W, and
the reaction was conducted with benzyl alcohol as a solvent and oleic acid as a capping
agent. Figure 7.1a shows the typical dark blue precipitate of CsxWO3 nanoparticles after 2
hours of solvothermal reaction at 240 oC followed by cooling at room temperature.
Unreacted precursors and surfactants were washed and removed from the precipitate by
centrifugation and re-dispersion method. A blue solid powder (Figure 7.1b) was obtained
after the product was vacuum dried at 80oC overnight. The EDS analysis of the sample, as
shown in Figure 7.1c and d, confirm the presence of Cs and W elements with an atomic
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ratio composition of 0.31:1, close to the typical hexagonal tungsten bronze composition of
Cs0.32WO3.

Figure 7.1 Digital image and EDS profiles of CsxWO3 synthesized by solvothermal method
(240 oC for 2 hrs): (a) as-synthesized CsxWO3 preciptate, (b) CsxWO3 powder, (c) EDS
composition profile and (d) EDS line spectra.
Stable homogenous dispersion of nanoparticles in aqueous and non-aqueous solution is
very important for high optical transparency. Simple blending of nanoparticles in solvents
or organic polymers usually results in agglomeration and hence loss of optical transparency
due to intense light scattering (Rayleigh scattering). As-synthesized, CsxWO3 powder is
insoluble in organic solvents like toluene and ethanol, and semi-soluble in water. To
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achieve high optical transparency, we explored the dispersion of CsxWO3 nanoparticles in
the presence of a surfactant. As shown in Figure 7.2, the dispersion of CsxWO3
nanoparticles was carried out in water and ethyl alcohol. As-prepared, the product was
readily disperse in water (Figure 2c) but started to settle upon storage for more than 3 days.
Samples dispersed in ethyl alcohol showed a little tendency to stabilize and settled within
an hour (Figure 7.2a). Samples dispersed in presence of Triton X-100 gave a stable
dispersion with storage time that lasted for more than a week (Figure 7.2b).

Figure 7.2 Digital image of CsxWO3 nanorods dispersion (3mg/ml) taken after 3 days in (a)
ethyl alcohol, (b) ethyl alcohol in presence of surfactant, and (c) water.
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7.4.2 The effect of capping agent (oleic acid)
It is generally accepted that in solvothermal synthesis of metal oxide nanoparticles,
surfactants have important roles in controlling size and morphology. Surfactants are crucial
to control growth rate, prevent agglomeration and stabilize dispersion of nanoparticles by
selectively adhering to specific facet of nanocrystals. As mentioned in the introduction
section, long chain fatty acids like oleic acid plays an important role as surface capping
agent in organic solvents.[25-27] In this project, we report the effect of oleic acid for
controlling the morphology and size in synthesis of CsxWO3 nanoparticle. Figure 7.3 shows
digital and XRD pattern of CsxWO3 nanoparticles synthesized in 2 hrs by solvothermal
process at 240oC oven temperature with different amounts of oleic acid. Powder samples in
Figure 7.3 shows typical blue color originated from chromophore of mixed valence W ions,
W+6 and W+5.[9,17,28] The dispersion of CsxWO3 samples synthesized by different oleic acid
amounts in water is also shown in Figure 7.3. The color intensity that is associated with
nanoparticles composition increases with the increase of oleic acid amount (from 0 vol. %
to 20 vol. %). The change in color intensity occurred as result of various valencies of
tungsten. The various tungsten valences in cesium tungsten oxide result from different W/O
molar ratio. In solvothermal process the molar fraction of oxygen changes with the amount
of water in the system. Therefore, the color change in Figure 7.3a and b indicate that the
cesium tungsten oxide crystalline phase had changed with the composition of solvents
(benzyl alcohol and oleic acid). That is, mole fraction of oxygen in cesium tungsten oxide
increases as the amount of water generated by reaction of alcohol and acid in the mixture
increases.
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XRD pattern of CsxWO3 powder prepared using 5 vol. % or more oleic acid best
matches the hexagonal cesium tungsten bronze phase of Cs0.32WO3 (JCPDS No. 831334 – a
standard stick spectrum, is also displayed at the bottom of Figure 7.3 for comparison)
among various tungsten oxide compounds, with no impurity identified. Slight increase in
XRD peak broadening related to particle size decrease was observed with increase in the
amount of oleic acid from 0 vol. % OA (pure benzyl alcohol) to 20 vol. % OA. When no
surface capping agent was added XRD spectrum showed several weak impurity peaks at 2θ
= 28.1. 36.5, 43.2, which may be assigned to the rectangular slabs of tungsten trioxide
(WO3).[29,30] Furthermore, a number of peaks which could be attributed to impure crystalline
phase are shown. It can be seen that the sample obtained in pure benzyl alcohol showed
sharper peaks, indicating its larger particle size in comparison to those obtained in mixed
solution. The impure phase of nanorods by pure benzyl alcohol was further confirmed by a
TEM image. Irregularly agglomerated bulk particles were formed (Figure 7.4a) by
employing benzyl alcohol as solvent with no oleic acid. In contrast, all samples prepared by
mixed solution of benzyl alcohol and oleic acid consisted of a well defined morphology
with small particle size. Oleic acid acts to control the agglomeration of nanoparticles by
selectively adhering to certain facets of the particles and forming negatively charged
particles that result in electrostatic repulsion. It is notable that CsxWO3 synthesized with 10
vol.% OA posses well dispersed homogenous nanorods with diameters of 15 - 30nm and a
length of 80 - 100 nm. Further increasing of oleic acid to 20 vol.% leads to decrease in
particle size but the particle agglomeration seems to proceed as shown in Figure 7.4d.
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Figure 7.3 CsxWO3 nanoparticles synthesized by 2 hrs solvothermal process at 240oC with
OA amounts of (a) 0 vol.%, (b) 5 vol.%, (c) 10 vol.%, and (d) 20 vol.%: as synthesized
CsxWO3 powder samples, CsxWO3 nanoparticles solution in water (1.5 mg/ml), and XDR
pattern of the synthesized CsxWO3 nanoparticles.
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Figure 7.4 TEM images of CsxWO3 nanorods synthesized by 2hrs solvothermal process at
240oC with oleic acid amounts of (a) 0 vol.%, (b) 5 vol.%, (c) 10 vol.% and (d) 20 vol.%.

Figure 7.5 shows low magnification TEM, High resolution TEM (HRTEM) and electron
diffraction (ED) images of CsxWO3 nanorods (Figure 7.4c) synthesized in 10 vol.% OA.
Low magnification TEM image (Figure 7.5a) indicated that nanorods have homogenous
size distribution. Fast Fourier Transformation (the inset) of the high-resolution TEM image
of the nanorod in Figure 7.5b can be indexed as diffraction pattern along [1, 10, 5] using
space group: P63/mcm (193) (ICSD#72619). HRTEM image (Figure 7.5c) showed that the
preferential rod growth direction is along c-axis (with lattice spacing of 0.385 nm) and have
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crystalline lattice of [002]. Furthermore, the plane perpendicular to c-axis has a hexagonal
lattice structure with lattice spacing of 0.64 nm corresponds to [100] (Figure 7.5d). In
general the TEM and HRTEM images reveal that as-synthesized CsxWO3 have hexagonal
crystalline structure with uniform particle size of ~80nm.
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Figure 7.5 TEM, ED and HRTEM image of CsxWO3 synthesized using 10 vol.% OA at
240oC for 2 hrs: a) Low magnification TEM of nanorods; b) Fast Fourier Transformation
(the inset) of the high-resolution TEM image of the nanorod; c) and d) HRTEM image of
selected area.
The size controlled synthesis of CsxWO3 nanoparticle can also be confirmed using size
distribution measurement by dynamic light scattering (DLS) technique. The particle size
distribution profile of the CsxWO3 particles synthesized in pure benzyl alcohol (Figure 7.6
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a) showed poly-dispersed particles that range from as low as 50 nm to 500 nm. In contrast,
samples synthesized in benzyl-oleic acid mixed solutions with 5 vol.% and 10 vol.% OA
(Figure 6.6 b and c) had a homogenous and narrow particle size distributions. Also, it is
notable that there is an increase in size distribution when oleic acid amount increases to 20
vol.%. This observation agrees well with TEM image in Figure 7.4d, where particle size
seems to decrease but their irregularity and aggregation increase. The above results confirm
that oleic acid plays important role in controlling homogeinty and particle size. The above
interpretations can also be supported by analyzing the UV-Vis-NIR transmittance spectra of
CsxWO3 samples (Figure 7.7). Samples prepared by pure benzyl alcohol show a relatively
lower absorption in the NIR region due to large particle size, low Cs/W ratio and also WO3
impurity that are transparent in visible and NIR light.[5,6] It can be seen that samples
prepared in 5 vol.% and 10 vol.% OA show an excellent absorption in NIR light. High
transmittance of Cs0.32WO3 in the visible light suggests synthesis of nanorods with a
uniform dispersity and small particle size. This excellent NIR absorption also confirms that
there is an increase of Cs/W atomic ratio compared to sample synthesized with pure benzyl
alcohol. That is, the amount of Cs+ incorporated in CsxWO3 results in contributing
electrons to the tungsten conduction band and hence affects NIR absorption.[9] This is
primarily related to electronic structure of Cs0.32WO3, mainly plasmon resonance of free
electrons, interband transitions, and small polarons.[12,31]
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Figure 7.6 Particle size distribution of CsxWO3 nanorods synthesized by 2 hrs solvothermal
process at 240 oC with oleic acid amounts of (a) 0 vol.%, (b) 5 vol.%, (c) 10 vol.% and (d)
20 vol.%.
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Figure 7.7 Optical transmittance profile of CsxWO3 nanoparticles dispersed in water (0.37
mg/ml). CsxWO3 was prepared by solvothermal process at 240 oC for 2 hrs with different
oleic acid amounts (0 vol.%, 5 vol.%, 10 vol.% and 20 vol.%).

7.4.3 The effect of reaction temperature
The solvothermal reactions at different oven temperatures were studied in order to
determine the optimal reaction conditions, including the evaluation of the crystallization
temperature necessary to obtain homogenous nanostructures of CsxWO3. The reaction for
the growth of nanorods was carried out by employing 10 vol.% oleic acid in benzyl alcohol,
for a reaction time of 2 hrs, and at controlled oven temperatures of 180 oC, 200 oC, 220 oC
and 240 oC. X-ray diffraction technique was performed to investigate crystallographic
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structure of all samples. Figure 7.8 exhibits the typical XRD patterns of the synthesized
Cs0.32WO3 powder samples obtained by solvothermal reaction at different oven
temperatures. Similar to Figure 7.3, all XRD peaks of the four samples could well be
indexed to a hexagonal structure of CsxWO3 (JCPDS No. 831334) nanocrystals as
represented by the stick spectrum in the bottom of Figure 7.8. Moreover, by following the
diffraction line [200], it was observed that there was an increase in peak intensity with
increase in reaction temperature. This could be attributed to an increase in crystallinity of
CsxWO3 product. At a low reaction temperature (180 oC), the XRD spectral peaks in Figure
7.8 show several impurity peaks at 2θ = 28.1. 36.5, 43.2, and 51.0, which again can be
assigned to the rectangular slabs of tungsten trioxide (WO3) and in-pure phases that could
result from incomplete reaction condition.[28, 29] As reaction temperature increased to 200
o

C, the intensities of the impurity peaks decreased while other CsxWO3 peaks intensified

and sharpen. This observation strongly suggests that the reaction temperature for obtaining
the homogenous nanostructures of CsxWO3 should be higher than 220 oC, or better yet 240
o

C.
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Figure 7.8 XRD patterns of CsxWO3 nanoparticles synthesized by 2 hrs solvothermal
process with 10 vol.% OA at different reaction temperatures.
Morphologies of CsxWO3 nanocrystals obtained at different reaction temperatures were
investigated by virtue of TEM as shown in Figure 7.9(a-d).The images show that the
particles had homogenous distribution and that the particle crystalline structure became
more defined with the increase in reaction temperature. Large rectangular slabs of WO3
particles (as impurity assigned in Figure 7.8) among rod shapes of CsxWO3 nanocrystals
were observed at low reaction temperature (180oC, Figure 7.9a). Aggregation was also
observed with low reaction temperature sample (200 oC, Figure 7.9b). Furthermore, with
increasing the reaction temperatures to 220 oC and 240 oC (Figure 7.9c-d) the particle
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became more uniform in morphology, i.e., a pure phase of CsxWO3 nanocrystals was
observed.

Figure 7.9 TEM image of CsxWO3 nanorods synthesized by 2 hrs solvothermal process with
10 vol.% OA amount at different reaction temperature (a) 180oC , (b) 200oC , (c) 220 oC
and (d) 240oC.
The above observation can further be confirmed by size distribution measurement using
dynamic light scattering (DLS) as shown in Figure 7.10. At 180 oC synthesis temperature, a
double loop of particle size distributions is shown in the DLS curve; a high intensity and
narrower loop corresponds to the nanostructures of CsxWO3 and a low intensity and broader
loop is related the large rectangular slabs of WO3 impurities. When the synthesis reaction
temperature was raised to 200 oC, the low intensity and broader loop in the DLS curve

176
almost diminished, yet the high intensity and narrower loop still remained relatively broad
(60 nm – 250 nm). Although the particle size of CsxWO3 appears larger in the DLS
measurement (Figure 7.10) as compared to images taken by TEM (Figure 7.9), the
distribution became narrower with an increase in reaction temperature which confirms the
synthesis of homogenous particles.

Figure 7.10 Particle size distributions of CsxWO3 nanorods synthesized by 2 hrs
solvothermal process with 10 vol% OA at different reaction temperature.
In the synthesis of CsxWO3 nanocrystals at low reaction temperatures (as shown in
Figure 7.9 and Figure 7.10), an accompanying generation of large rectangular slabs
impurity phase WO3 is a disadvantage and is not useful for the application of UV/NIR cut
nanocoating. This is mainly due to WO3 being shown to be transparent in visible and NIR
light.[5,6] The UV-Vis-NIR transmittance spectra for CsxWO3 nanoparticles synthesized at
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different reaction temperatures are shown in Figure 7.11. At a reaction temperature 180 oC,
a relatively high optical transparency (or low light shielding) from visible to near Infrared
light is clearly observed. However, with increase in reaction temperature, Cs xWO3
dispersed solutions show a better transparency in visible light region and stronger
absorption in NIR range. The influence of reaction temperature on the optical performance
mainly arises from change in Cs/w atomic ratio. As Guo et al. have reported there is an
increase in Cs/W atomic ratio with increase in reaction temperature in solvothermal
synthesis.[9] Furthermore, they reported that the Cs/W ratio should be close to 0.33 for
better shielding performance. Hence, our result depicts that there is clear increase in Cs/W
atomic ratio associated with increase in oven temperature that results in excellent NIRshielding performance, while the transparency in the visible light region also increases.

178

Figure 7.11 Optical transmittance spectra of CsxWO3 nanoparticles dissolved in water
(4.9x10-4 g/mL). CsxWO3 was synthesized by 2hrs solvothermal process with 10 vol% OA
amount at different reaction temperature.
7.4.4 The effect of reaction time (Ostwald ripening time)
All nanostructured materials possess vast surface areas and huge surface energies that
are thermodynamically unstable or metastable. It is well understood that nanoparticles tend
to aggregate to reduce the overall surface energy by combining the individual
nanostructures together to form large structures through sintering or Ostwald ripening. In
this work, we studied reaction time to understand effect of Ostwald ripening in synthesis of
CsxWO3 nanoparticles. Figure 7.12 shows TEM images of CsxWO3 synthesized by
solvothermal process at 240 oC with 10 vol% OA amount and different reaction times of (a)
2hrs, (b) 4hrs, (c) 6hrs and (d) 8hrs. The images show a great sensitivity of Ostwald
ripening time in the growth of nanorods. The observations indicate that samples prepared
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for 2hrs (Figure 7.12a) and 4 hrs (Figure 7.12b) have uniform homogenous structure with
rod lengths less than < 100nm, but with increase in reaction time the uniformity starts to
dwindle. At 8 hrs reaction time, (Figure 7.12d) the formation of elongated rod structures
with lengths more than 600 nm along with smaller crystal structures was observed. The
growth of the CsxWO3 crystals is attributed to Ostwald ripening, which is the dissolution of
small particles and re-crystallization into larger particles as result of increase in reaction
time.

Figure 7.12 TEM images of CsxWO3 nanorods obtained by solvothermal process at 240 oC
with 10 vol% OA amount and reaction time of (a) 2 hrs, (b) 4 hrs,(c) 6 hrs, and (d) 8 hrs.
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Dynamic light scattering (DLS) measurements were also used to study the Ostwald
ripening effect in the size distribution of CsxWO3 nanoparticles as shown in Figure 7.13.
There is uniform size distribution for samples prepared at 2 hrs (70-100nm) and 4 hrs (80100nm) as shown by the TEM images. Samples prepared at longer ripening time (Figure
7.13c and d) show broad size distributions (40-120nm), which agree with possibility of
dissolution and re-crystallization process during the solvothermal synthesis. UV-Vis-NIR
transmittance spectra of CsxWO3 crystals are good indications of providing guidelines for
the quality (size and uniformity) of nanomaterials synthesized. Under the optimized
reaction conditions, 10 vol.% OA amount at 240 oC and 2 hrs reaction time, Figure 7.14
shows high optical transparency (80-90%) in the visible light range and excellent shielding
ability in the NIR (80-90%) region. The results also indicated that there is no significant
difference in transmittance (visible light) and absorption (NIR range) of samples prepared
at different reaction times. It is worth mentioning that no significant changes in the particle
size and UV-Vis-NIR performance were recorded after a lengthy reaction time. This
suggests that a short reaction time of 2 hours is sufficient enough to prepare Cs xWO3
nanoparticles with the desired size and morphology.
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Figure 7.13 Particle size distribution of CsxWO3 nanoparticles obtained by 10 vol.% OA
amount at 240 oC with different reaction time, 2 hrs, 4 hrs, 6 hrs, and 8 hrs.
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Figure 7.14 UV-Vis-NIR transmittance spectra of CsxWO3 nanorods dissolved in water
(3.7x10-4 g/ml). CsxWO3 was synthesized at 240 oC and 10 vol.% OA amount with
different reaction time (a) 2 hrs, (b) 4 hrs, (c) 6 hrs, and (d) 8 hrs.

7.5 Conclusions
Hexagonal cesium tungsten bronze, CsxWO3 nanoparticles were synthesized in 2 hours
by solvothermal process using benzyl alcohol route in presence of oleic acid as a capping
agent. Samples prepared by addition of 10 vol.% oleic acid and at reaction temperature of
240 oC gave uniform size distribution with average particle size ~ 80 nm. The UV-Vis-NIR
transmittance spectra showed a strong near infrared shielding performance (80-90%) with
excellent optical transparency (80-90%) in the visible light. This short reaction time (2 hrs)
and simple synthesis approach is suitable for a large scale production and the nanoparticles
are attractive for optically transparent coating formulations such as heat shielding coating.
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CHAPTER 8
FUTURE WORK
8.1 Heat dissipation coatings
Previous developments in molecular fan coating have led to a cooling efficiency of ~
23% using multi-walled carbon nanotube and graphene as fillers. Further work is projected
to include the screening of different waterborne polymer resins with a number of different
functional groups. The work should be focused or understanding the role of functional
groups and their high vibrational modes in cooling performance. Furthermore, the work will
give insight to compatibility of different functional resins to nanomaterial fillers and their
effect on stability. Vibrational modes play a major role on radiative cooling, and therefore,
understanding the main role of polymer and inorganic filler separately will provide
information for the future development of molecular fan.
Another area of study in molecular fan will focus on manipulation of high thermal
conductivity of a single walled carbon nanotube along the tube axis. From the work
reported recently, we have achieved 22 % cooling for CNT dispersed coating compared to
carbon black (CB) 20% and nanodiamond particle (NDP) 17%. This agrees with the
quantization of phonons of coatings observed in Raman spectra. But, if we consider thermal
conductivity, NDP has a higher conductivity compared to CNT and Carbon black. This
disagrees with our expectation that thermal conductivity will have big impact in radiative
cooling efficiency. At this point we believe thermal conductivity is not playing a significant
role in thermal dissipation. The reason could be the existence of thermal resistance between
the overlaps in the MWCNT passage that would lead to a rapid increase in the overall
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thermal resistance.[1] To increase thermal conductivity in our coating, we planned to
introduce thermally conductive materials into the formulation but there is high possibility of
losing quantization and emissivity factor that was previously achieved.
To solve the above challenges, we are proposing a method to improve our thermal
conductivity by introducing well spaced vertically aligned CNT arrays by chemical vapor
deposition. Due to large free path available to phonons in the stiff sp2 network walls, CNTs
have been reported to have exceptionally high thermal conductivity[2-3] and are considered
second to diamond. Carbon nanotubes (CNT) have extremely high theoretical thermal
conductivity that can reach 6600 WmK2[2] for single walled carbon nanotube(SWNT) and
3000WmK2[3] for discrete multiwalled carbon nanotube (MWCNT) along the axis direction
according to molecular dynamics simulations at room temperature. This property makes
CNT a promising material in the area of thermal management. A lot of studies are being
done on using CNT as thermal interface material (TIMs)

[4]

which are commonly used to

dissipate heat efficiently.
In the proposed work, we will focus on growing vertically directed assembly of carbon
nanotubes on planar substrates as shown in Figure 8.1. These structures will be achieved by
patterning substrates with metal catalysts. The catalysts will be deposited on substrate in
such a way that CNT arrays are spaced enough to incorporate acrylate formulation. To
achieve this, lithography will be done to deposit our catalyst by mask. This proposed study
is based on the work done by Fan et. al.[5] In their study, they achieved high enhancement in
the thermal conductivity of thermal interfaces by embedded CNTs in the matrix from one
surface to the opposite side. All the other procedures will be the same as before. After we
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grow CNT arrays, SEM images will be taken to configure CNT growth pattern. Then the
coating formulation will be spray-coated over the CNT pattern. The main advantage for
acrylate incorporation is to maintain different vibration modes that lead to IR vibrational
radiation. After we apply acrylate over CNT pattern, the specimen will be annealed for 10
to 15 minutes. Radiative cooling efficiency measurement will be done and compared to our
previous achieved efficiency of 22%. Based on the achieved radiative cooling, we will try
to manipulate the CNT arrays and evaluate cooling temperature, emissivity and stability.

Figure 8.1 General schematic design to mount vertically aligned CNT arrays and
incorporate acrylate resin formulation.

8.2 NIR cut coatings
Solvothermal synthesis of CsxWO3 nanorods provides possible solution for NIR cut
coating. One of the big concerns regarding to use of inorganic nanomaterials in organic
coating is disperssion and stability. Priliminray results have shown that CsxWO3 nanorods
are soluble in water with stability that stays more than a week. However, for organic
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coating, stability more than a month is required. So for the future work, we are investigating
possible ways to incoporate CsxWO3 nanorods in to polymer resins for longer pot life.
Further more, we are also investigating sol-gel technique to sysnthesize optically
tranparent CsxWO3 coating. Preilminary studies have shown that water-based sol-gel
coating of CsxWO3 nanorods have excellent stability that lasts for more than 3 months
(Figure 8.2). In addition, UV-Vis-NIR spectra (Figure 8.3) of the coating on glass reveals
high transparency (> 80%) in the visible and high absorption (> 80 %) in near infrared
region. The sol-gel coating is easy to prepare and has excellent adhesion to glass substrate.

Figure 8.2 Water-based sol-gel coating prepared with CsxWO3 amount of (a) 5 wt% and (b)
3 wt%.
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Figure 8.3 UV-Vis-NIR spectra of NIR-shielding sol-gel coating prepared with 4 wt%
Cs0.33WO3 and coating thickness of (a) 3 µm and (b) 5 µm.
The other future focus of NIR cut coating is to investigate other means of free electron
induction and control oxygen in the CsxWO3. Possible route may include doping CsxWO3
with titanium and sulfur as a subsitute for tungsten and oxygen respectively. As a source of
Ti and S, we have selected TiS2 and titanium isoproxide. We have used sonication method
to disperse them in benzyl alcohol along with other precursers, WCl6 and CsOH∙H2O.
Characterization of composition, crystallinity, size and distribution will be carried out using
x-ray diffraction (XRD), energy dispersive x-ray spectroscopy (EDX), transmission
electron microscope (TEM) and dynamic light scattering (DLS).

191
References

1.
Huxtable, S. T.; Cahill, D. G.; Shenogin, S.; Xue, L.; Ozisik, R.; Barone, P.; Usrey,
M.; Strano, M. S.; Siddons, G.; Shim, M., Interfacial heat flow in carbon nanotube
suspensions. Nature Materials 2003, 2, 731-734.
2.
Berber, S.; Kwon, Y.-K.; Tomanek, D., Unusually high thermal conductivity of
carbon nanotubes. Physical Review Letters 2000, 84, 4613.
3.
Kim, P.; Shi, L.; Majumdar, A.; McEuen, P., Thermal transport measurements of
individual multiwalled nanotubes. Physical Review Letters 2001, 87, 215502.
4.
Biercuk, M.; Llaguno, M. C.; Radosavljevic, M.; Hyun, J.; Johnson, A. T.; Fischer,
J. E., Carbon nanotube composites for thermal management. Applied Physics Letters 2002,
80, 2767-2769.
5.
Huang, H.; Liu, C.; Wu, Y.; Fan, S., Aligned carbon nanotube composite films for
thermal management. Advanced Materials 2005, 17, 1652-1656.

